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Bradyarrhythmia is a kind of cardiovascular disease caused by dysregulation of cardiomyocytes, which seriously threatens human
life. Currently, treatment strategies of bradyarrhythmia mainly include drug therapy, surgery, or implantable cardioverter
defibrillators, but these strategies are limited by drug side effect, surgical trauma, and instability of implanted devices. Here, we
developed an integrated Au-nanoroded biosensing and regulating platform to investigate the photothermal therapy of cardiac
bradyarrhythmia in vitro. Au-nanoroded electrode array can simultaneously accumulate energy from the photothermal
regulation and monitor the electrophsiological state to restore normal rhythm of cardiomyocytes in real time. To treat the
cardiomyocytes cultured on Au-nanoroded device by near-infrared (NIR) laser irradiation, cardiomyocytes return to normal
for long term after irradiation of suitable NIR energy and maintenance. Compared with the conventional strategies, the
photothermal strategy is more effective and convenient to regulate the cardiomyocytes. Furthermore, mRNA sequencing shows
that the differential expression genes in cardiomyocytes are significantly increased after photothermal strategy, which are
involved in the regulation of the heart rate, cardiac conduction, and ion transport. This work establishes a promising
integrated biosensing and regulating platform for photothermal therapy of bradyarrhythmia in vitro and provides reliable

evidence of photothermal regulation on cardiomyocytes for cardiological clinical studies.

1. Introduction

The heart plays a vital role in the circulatory system to
maintain the life activities by transporting blood through-
out the body. The electrical conduction system of the heart
can generate rhythmic action potentials by the autonomic
pacemaker cells, driving the working cardiomyocytes to
rhythmically contract and pump blood to other organs
or tissues. However, some hereditary or acquired reasons,
such as organic heart disease, drug abuse, severe electro-
lyte balance disorders, and cardiac electrical conduction
disorders will induce cardiac arrhythmias as a huge group
in cardiovascular diseases [1, 2]. Globally, cases of sudden

cardiac arrest due to arrhythmia account for half of
cardiovascular disease patients and 15% of death [3]. In
China, 330 million cardiovascular diseases suffer from
the arrhythmias, leading the main cause of cardiovascular
death [4]. Arrhythmias can be categorized into tachyar-
rhythmias and bradyarrhythmias according to heartbeat
rhythm. The bradyarrhythmias could be induced by
sinoatrial node dysfunction, atrioventricular block, drug
influence, etc., which often results in angina pectoris, car-
diac insufficiency, or central nervous system dysfunction.
Therefore, much effort is attempted to develop the effec-
tive bradyarrhythmia therapies, aiming at the rhythmical
regulation of the heart [5].
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At present, drug therapy is one of the main strategies to
treat bradyarrhythmias and isoproterenol is the typical drug
to increase the heart rate [6]. Moreover, surgery therapy is
also an effective and successful strategy to treat the disease,
but the large trauma and the high probability of postopera-
tive bleeding limited are main limitations [7-9]. Meanwhile,
implantable cardioverter defibrillators [10, 11] are accepted
and implemented to pace the heart. Although these devices
are effective to treat bradyarrhythmias, they are potential
to contaminate the physiological environment of the tho-
racic cavity due to the immunogenicity or unpredictable
electrochemical reactions at the device-tissue interface [12].
Recently, a large number of studies reported the optical
regulation methods to recover the normal rhythm of cardio-
myocytes, which serve as an alternative strategy to improve
the implantable cardioverter defibrillators [13, 14]. Optoge-
netics is one of the promising approaches to activate ion
channels by regulating the excitability of cardiomyoctyes
[15]. Bruegmann et al. applied photosensitive protein
channelrhodopsin-2 to regulate the cardiomyocyte beating
[16]. Although optogenetics is effective and noninvasive, it
is difficult to achieve cardiac regulation in vivo and clinically
due to the gene transfection/modification. Some group pro-
posed the nonoptogenetic regulation to regulate the cardio-
myocytes by photostimulation with the nanomaterials. The
optogenetic regulation can also trigger the action potential
of cardiomyocytes [17, 18]. Smith et al. regulated the cardio-
myocytes with a near-infrared (780 nm) femtosecond laser
and monitored the intracellular calcium ion activities [19].
Dittami et al. applied a 1875nm pulsed infrared diode laser
to regulate a quail embryonic heart, leading to induced
calcium oscillation and contraction of neonatal cardiomyo-
cytes by heating effects [20]. Gentemann et al. proposed
the concept of a light-based and nanoparticle-mediated
stimulation system, demonstrating that irradiation of a
532 nm picosecond laser causes the calcium oscillations of
cardiomyocytes to restore cellular activity [21].

Electrical excitability is an intrinsic physiological prop-
erty of cardiomyocytes, and the changes in electrophysiolog-
ical signals can be applied to evaluate the therapeutic effects
on bradyarrhythmias [22, 23]. Currently, label-free and
noninvasive extracellular recording techniques are widely
applied to monitor the electrical activities of excitable cells
over a long period of time [24-28]. Moreover, with the
development of micro-/nanofabrication technologies, new
micro-/nanoelectrode devices are developed to form a tight
cell-electrode coupling [29-33]. The phototransduction
coupling mechanism can be induced when cells are photo-
stimulated on nanopatterned devices [34]. Although the
phototransduction coupling mechanism is not fully under-
stood, the evidence is provided to support the photothermal
effect as the underlying mechanism [35-38]. The near-
infrared (NIR) light from 700 nm to 950 nm is the suitable
wavelength range to produce the photothermal effects. Noble
metal nanoparticles (such as Au, Ag, and Pt) can absorb light
energy at specific wavelengths and produce localized surface
plasmon resonance (LSPR), and the LSPR band and heat pro-
duction capability can be optimized by adjusting the size and
morphology of metal nanomaterials [39, 40]. On the other
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hand, gold nanoparticles have the advantages of chemical
inertness and good biocompatibility, which is a popular
choice in the current photothermal therapy [41]. The absorp-
tion of photonics by the nanomaterial can cause the photo-
thermal effect, which increases the temperature around the
surface of nanomaterials and generates a thermal field, and
this photothermal effect is successfully applied to pace and
regulate the electrophysiological activities of cardiomyocytes
[12, 42, 43]. For example, when the Au-3D nanomaterial
device is irradiated by near-infrared laser irradiation, which
matches the main absorption spectrum, it converts the
optical energy into heat due to the plasma thermal effect.
After the device has accumulated enough heat and the
temperature increases to a high level, the proteins in the
cardiomyocytes can be stimulated to respond [44]. Though
photothermal effect is well-developed to pace the cardio-
myocytes, the photothermal therpy is seldom reported to
treat bradyarrhythmia.

Herein, we developed an integrated Au-nanoroded
biosensing and regulating platform to investigate the photo-
thermal therapy of cardiac bradyarrhythmia in vitro
(Figure 1). The Au-nanoroded electrode array can gently
accumulate enough thermal energy and maintain a long
period of repair time after completing the irradiation. After
treating with near-infrared (NIR) laser irradiation, cardio-
myocytes cultured on Au-nanoroded electrode array return
to normal and maintain for a long period of time. Compared
with the conventional strategy, this photothermal therapeu-
tic strategy is more effective and convenient. Furthermore,
mRNA sequencing shows that the differential expression
genes (DEGs) in cardiomyocytes are significantly increased
after photothermal regulation, focusing on ion channel
genes, transporter genes, and Ca** regulatory protein genes.
The DEGs are related with the heart rate, cardiac conduc-
tion, and ion transport. This work establishes a promising
integrated biosensing and regulating platform for photother-
mal therapy of bradyarrhythmia in vitro and provides the
reliable evidence of photothermal regulation on cardiomyo-
cytes for cardiological clinical studies.

2. Results and Discussion

2.1. Establishment and Characterization of Integrated Au-
Nanoroded Biosensing and Regulating System. The Au-
nanoroded device is the key component of the integrated
biosensing and regulating integrated system, and the device
is fabricated by hydrothermal growth and standard photoli-
thography (Figure 2(a)). The synthesis of ZnO nanorods
consists of two steps: (i) ZnO seeding on the glass substrate
by sputtering, and (ii) the synthesis of ZnO nanorods by
hydrothermal growth. After ZnO nanorod synthesis, the
Cr/Au (10 nm/100 nm) conductive layer is defined by photo-
lithography and patterned on the ZnO-nanoroded region by
sputtering and lift-oft steps. Finally, we use SU-8 2002
(Kayaku Advanced Materials) to fabricate the insulating
layer. The thickness of insulating layer is 2um by spin
coating at 3000 rpm following the product instruction. The
thickness is confirmed by a surface profiler. A SU-8
insulating layer with 20 ym opening ring is defined by
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FiGure 1: Integrated Au-nanoroded biosensing and regulating platform for the photothermal therapy of bradyarrhythmia. The
cardiomyocyte cultured on the Au-nanoroded electrode array are regulated by near-infrared laser irradiation. The effect of photothermal
regulation is assessed by extracellular potential recording and mRNA sequencing.

photolithography to complete the Au-nanoroded device. The
obvious boundaries can be found among the SU-8, ZnO
nanorod, and Au nanorod regions (Figure 2(b)). The func-
tion of the SU-8 openings can form the sensing and regulat-
ing electrodes. A 2um thick insulation layer of SU-8 is
crossed with the metal-covered nanorod region to form 20
x 20 um’square nanoroded microelectrodes. As shown in
Figure 2(c), the high-density ZnO nanorods with a length
of ~700 nm and a diameter of ~100 nm vertically stand on
the substrate. Following the conductive layer sputtering,
the diameter of nanorods increases in contrast to that of
the original ones (Figure 2(d) and Supplementary
Figure S1). Figures 2(e)-2(g) show the layout of the Au-
nanoroded microelectrode arrays. The device possesses the
32 recording electrodes and 2 reference electrodes
(Figure 2(e)). The enlarged view illustrates the layout of
the nanoroded region (purple) with a diameter of 4mm
and conductive recording electrode tracks with a width
of 20 ym at the center of device. The SU-8 openings are
designed in the nanoroded recording electrode and
reference electrode regions (Figure 2(f)). Intersections of
the SU-8 opening ring and conductive tracks are 20 x 20
(,tmz recording sizes (Figures 2(g) and 2(h)).

Figure 2(i) shows the integrated Au-nanoroded biosens-
ing and regulating system, including the He-Ne laser with a
wavelength of 808nm, Au-nanoroded device, and self-
developed electrophysiological recording system. Due to
the good absorption peak of the Au-nanoroded device in
the near-infrared band at 800-900 nm, the 808 nm He-Ne
laser is used to irradiate the device to produce the photother-
mal effect. The Au-nanoroded device is further assembled by

cell culture or electrical components. The Au-nanoroded
device unit is composed of a glass ring, Au-nanoroded elec-
trode array chip, and printed circuit board (PCB) adapter
from top to bottom (Figure 2(j) and Supplementary
Figure S2). The glass ring with a diameter of 1.4cm and a
height of 1cm is glued at the center of the Au-nanoroded
electrode array chip as a cell culture chamber. The chip
is then attached to the PCB adapter by PDMS, and all
the electrode pads are electrically connected to PCB pads
by a silver conductive glue. Pin headers are finally
soldiered on the PCB adapter to match the interface of
the self-developed electrophysiological recording system.
Following the cardiomyocyte culture for days, the
spontaneous extracellular potential of cardiomyocytes can
be recorded by the Au-nanoroded device and self-
developed electrophysiological system, and the He-Ne
laser can generate a wavelength of 808 nm to irradiate on
cells. Both electrophysiological signal recording and laser
regulating can be dynamically performed during the whole
experiment (Supplementary Figure S3). By laser irradiation,
the photothermal effect is induced on the Au nanorods, and
the temperature of the Au-nanoroded surface will increase
(Figure 2(j)). By regulating laser irradiation with a power of
1.5W/cm® for 5min, temperature of the Pt-nanoroded
device is higher than that of the Pt-planar device. In the
thermal images, the maximum temperature of Pt-
nanoroded MEA is 39.2°C, which is 13.3°C higher than that
of edge area. Meanwhile, the maximum temperature of Pt-
planar MEA is 32.6°C, which is 9.9°C higher than that of
the edge area (Supplementary Figure S4). Meanwhile, the
maximum temperature of Au-nanoroded MEA is 41.3°C,
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FIGURE 2: Integrated Au-nanoroded biosensing and regulating system. (a) Fabrication of Au-nanoroded device, including ZnO seeding,
hydrothermal growth of ZnO nanorod synthesis, conductive layer pattern, and SU-8 layer insulation. (b-d) Scanning electron
microscope (SEM) images of a nanoroded device with the ZnO-nanoroded region, Au-coated-nanoroded region, and SU-8 insulating
region. Typical SEM images of ZnO nanorods (c) and Au-coated nanorods (d). (e-g) Layout of the device. (e) Overview of the layout
showing the electrically 32 conductive recording electrode tracks and 2 conductive reference electrodes (yellow). (f) The enlarged view
showing the layout of the nanoroded region (purple) with a diameter of 4 mm and recording sizes at the center of device. (g) 20 x 20 ym?
recording electrodes at the SU-8 insulating opening. (h) Optical images showing Au-nanoroded MEA with a 20 ym opening ring. The Au-
nanoroded sites are indicated in red box. (i) Schematic of integrated Au-nanoroded biosensing and regulating system including
808nm He-Ne laser, Au-nanoroded MEA device, and self-developed electrophysiological recording system. (j) Schematic of
multichannel Au-nanoroded device and Au-nanorod-induced photothermal effect. (k) Thermal images of the Au-nanoroded electrode
array (MEA) and Au-planar MEA showing the temperature change after radiation with a power of 1.5W/cm® for 5min. The
maximum temperature of Au-nanoroded MEA is 41.3°C, which is 15.3°C higher than that of edge area. The maximum temperature
of Au-planar device is 31.9°C, which is 9.5°C higher than that of edge area.
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FIGURE 3: Bradyarrhythmia modeling and evaluating on the Au-nanoroded device. (a) Immunofluorescence images of cardiomyocytes
cultured on the Au-nanoroded device. The a-actinin of cardiomyocytes is labeled by the primary antibody (mouse anti-a-actinin) and
secondary antibody (Alexa Fluor 488 goat anti-mouse, green fluorescence). Cx-43 are stained by primary antibody (rabbit anti connexin-
43) and secondary antibody (Alexa Fluor 568 donkey-anti-rabbit, red fluorescence), and the nucleus are stained by Hochest (blue
fluorescence). (b) Extracellular electrical signal profiles of cardiomyocytes cultured on Au-nanoroded MEA with different cultured days
(day 3 to day 6). (c) Statistical analysis of the firing rate, amplitude, and signal-to-noise ratio (SNR) of the bradyarrhythmia model.
Significant differences are analyzed by ANOVA. N =8; *p <0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001.

which is 15.3°C higher than that of the edge area. Meanwhile,
the maximum temperature of Au-planar MEA is 31.9°C,
which is 9.5°C higher than that of the edge area
(Figure 2(k)). Compared with the thermal images of
different  devices, the maximum temperature and
temperature variation of Au-nanoroded MEA are higher and
larger than the other three devices, demonstrating that the
Au-nanoroded device possesses a good photothermal effect.

2.2. Bradyarrhythmia Modeling and Regulating on Au-
Nanoroded Device. The biocompatibility of Au-nanoroded
device is first examined by immunostaining-cultured cardio-
myocytes. Figure 3(a) exhibits those cardiomyocytes grow
and connect well with each other on the device, where
Hochest (blue) labels the nuclei to recognize cells, and a-

actinin (green) and Cx-43 (red) are labelled to characterize
the cytoskeleton and connection, respectively. The immuno-
staining results demonstrate that the Au-nanoroded device
possesses a good biocompatibility for cardiomyocyte growth
compared to other nanoparticles such as TiO, and CuO
[45]. When cardiomyocytes are grown on the device and
cultured for days, they are coupled with Au-nanoroded
electrode, which can detect the electrical signal of cardio-
myocytes which indicate the good biocompatibility of the
device. It is common to reflect the biocompatibility or
biosafety by electrophysiological signals in other studies
[46-48]. The biocompatibility of cardiomyocytes can be
demonstrated not only by fluorescent images but also is
reflected by recording electrical signals. The cardiomyocytes
can fire electrical signals in the preirradiation and



postirradiation, indicating that the cardiomyocytes possess a
good biocompatibility after the optimal photothermal regu-
lation. To perform the photothermal regulation, the bra-
dyarrhythmia is modelled on the Au-nanoroded device. It
is well known that the signal firing rate of cardiomyocytes
will increase to a high level at the beginning and gradually
decrease to a low level following a long-term culture. To
model the bradyarrhythmia, it is necessary to explore the
suitable culture day for the following photothermal assays.
The coupling of each chip to the cardiomyocytes will be
slightly different due to the individual differences of cardio-
myocytes, so the electrical signal profiles will be different.
Figure 3(b) presents the typical electrophysiological signals
from three devices from day 3 to day 6. During day 3 to
day 5, the cardiomyocytes generate the spontaneous and
rhythmic extracellular potentials, while the firing rates are
arrhythmic and dynamically decrease on day 6 in all the
Au-nanoroded devices.

Cardiomyocytes are grown on the device for culture, and
normal electrical signals can be detected by day 3
(Figure 3(c)). The signal firing rate of cardiomyocytes is
between 68.4min"' at day 3 and 56.8 min™' day 4, and then,
the signal firing rate gradually slowed down to only
11.32min"" on day 6, which is ~80% lower than the normal
firing rate, and the slower firing rate is considered the
bradyarrhythmia model of cardiomyocytes. Meanwhile, the
amplitude and SNR of extracellular potentials slightly
change and present a high level on day 5 (168.6 4V and
13.71 dB) as shown in Figures 3(d) and 3(e). The cardiomyo-
cytes are gradually mature on the device. On day 5, the car-
diomyocyte device coupling generally improves and sealing
impedance increases, so that the amplitude of extracellular
electrical signal is higher than before. Meanwhile, SNR refers
to the ratio of the extracellular electrical signal to the device
noise, so the SNR present high value when high extracellular
electrical signal amplitude is detected based on the similar
noise level. Among these parameters of cardiomyocytes,
the firing rate is the key factor to evaluate the bradyarrhyth-
mia model. Based on the analysis of electrophysiological sig-
nals, the cardiomyocytes present the bradyarrhythmia state
on day 6, and the bradyarrhythmia model is successfully
established after a 6-day culture and is ready to perform
the following photothermal therapy.

2.3.  Optimization of Photothermal Therapy on
Bradyarrhythmia Model. To investigate the photothermal
treatment on cardiomyocytes with bradyarrhythmia, the
NIR laser irradiation with a wavelength of 808 nm is regu-
lated on the 6-day-cultured cardiomyocytes for 5min, and
irradiation is then stopped. Electrophysiological signals are
continuously recorded in the whole process. Four types of
devices (Au-nanoroded, Au-planar, Pt-nanoroded, and
Pt-planar) and three types of irradiation power (1.0, 1.5,
and 2.0 W/cm?) are all applied to optimize the conditions
of photothermal regulation. The typical profiles of elec-
trophysiological signals in the preirradiation, irradiation,
and postirradiation stages are displayed as shown in
Figures 4(a) and 4(b) and Supplementary Figure S5. The
bradyarrhythmia models possess a low firing rate (below
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16 min™') after a 6-day culture in the preirradiation stage.
In the cases of Au-nanoroded devices, laser irradiation with
a power of 1.5W/cm® presented a better photothermal
effect on the bradyarrhythmia model than other irradiation
powers (Figure 4(a, A)). The signal firing rate of
cardiomyocytes regulated by a power of 1.5W/cm®
(98.0min™) is significantly higher than those of 1.0 W/cm®
(114min™") and 2W/cm? (68.3min"). As shown in
Figure 4(a, B), the signal firing rate of cardiomyocytes
gradually rises as the laser irradiation power increases
(control: 11.5min™"; 1.0W/cm?* 35.0min™; 1.5W/cm?*
38.8min’'; and 2W/cm® 63.8min’'); however, it remains
the arrhythmic state. Meanwhile, the cardiomyocytes on Pt-
nanoroded and Pt-planar devices have no obvious response
to the photothermal regulation in the irradiation and
postirradiation stages with the similar bradyarrhythmia
state, respectively, implying a low absorbance of Pt-based
devices at 808 nm NIR laser irradiation (Figure 4(a, C and
D)). In addition, the noise of nanoroded device is lower
than that of the planar device due to a large nanoroded
surface area which induces the low electrode impedance.
Figure 4(b) and Supplementary Figure S5 displayed
the continuous electrophysiological signal recordings of
cardiomyocyte during the whole photothermal regulating
process. The bradyarrhythmia model on Au-based devices
can be effectively regulated by the 1.5W/cm® laser
irradiation; the signal firing rate of cardiomyocytes
increased at the irradiation stage. Following the removal of
laser irradiation, the firing rate of the model on Au-
nanoroded device continuously maintains at a high level
(Figure 4(b)), while the signal firing rate of model on the
Au-planar device returns to the bradyarrhythmia state as
those in the preirradiation stage (Supplementary Figure S5
(ii)). Besides, the Pt-based devices present no photothermal
regulating effect on cardiomyocytes under the 808 nm laser
irradiation (Supplementary Figure S5 (iii) and (iv)). When
the laser irradiation is at 2.0 W/cm? cardiomyocytes
respond rapidly during the irradiation interval. However,
the cardiomyocytes receive a stronger photothermal
regulating effect, which will also cause the damage to them.
When the irradiation is stopped, the firing rate of the
damaged cardiomyocytes dramatically decreased, so the
1.5W/cm? irradiation raised higher firing rate than 2.0.
The treated cardiomyocytes with a high firing rate in
the postirradiation stage are considered the -effective
photothermal regulation. To visually compare the
photothermal repair effect with different conditions, the
heat map is introduced to analyze the firing rate and
amplitude of electrophysiological signals (Figure 4(c) and
Supplementary Figure S6). In contrast to 0 W/cm” as the
control group (first column), the laser irradiation with a
power of 1.5W/cm® shows a good photothermal repair
effect based on the firing rate, and amplitudes of signals
show no significant change under photothermal regulation.
Based on our regulating conditions, we can conclude that
the firing rate seldom change at the irradiation intensity of
1.0W/cm?®, while the firing rate is the highest at the
irradiation intensity of 1.5W/cm? and then gradually
decreases as the irradiation intensity increases. The



Research

—
©
=

Pre-irradiation Irradiation

1.0 W/cm?

Au-Nanoroded
0 uv

5
8
»

Au-Planar

iii

Pt-Nanoroded

RN
3 iv

S W
&

&

1.0 W/cm?
Irradiation

—~
o
=

Pre-irradiation Post-irradiation

Au-Nanoroded

—~
O
~

1.5 W/cm?
Irradiation

Firing rate (mm 1 Amphtude(yV)
100 0 100
Au-Nanoroded
Au-Planar
Pt-Nanoroded
Pt-Planar
1.0 1.5 1 5 20

Laser irradiation (W/ cmz)

Post-irradiation

2
1.5 W/cm 2.0 W/em?

e st

W

meRifhiaETRyselaeny  Ssiiplisginoenaimotinsen  Basidiniissemsenmme

2.0 W/cm?
Irradiation

Post-irradiation

Post-irradiation

d
) 25 - " 15
. — 0.285 0.313
X 201 4,313 ;\3
8 S
= S 1.01 0.038
5 151 <
g o
50 10+ £
£ 2. 0.5
= 1.015 | £
s+
T 5 <
0.038 <
0- 0.0-
1.0 15 20 1.0 15 20

Laser irradiation (W/cm?) Laser irradiation (W/cm?)

FIGURE 4: Photothermal effect on electrophysiological signals of bradyarrhythmia. (a) Typical electrophysiological signal profile of
cardiomyocytes cultured on different devices (Au-nanoroded (A), Au-planar (B), Pt-nanoroded (C), and Pt-planar (D)) under different
laser irradiations (1.0, 1.5, and 2.0 W/cm? for 5min). (b) Continuous electrophysiological signal recordings of cardiomyocyte during the
whole photothermal regulating process. (c) Heat map of the firing rate and amplitude of cardiomyocytes under different conditions.
(d) Statistical analysis of the firing rate and amplitude of cardiomyocytes cultured on Au-nanoroded device by the photothermal
therapy with laser irradiation (1.0, 1.5, and 2.0 W/cm* for 5min). The average values of the standard deviations are labeled above
the bar (N =60). Significant differences are analyzed by ANOVA. *p <0.05, **p <0.01.

amplitude of electrical signal has no significant change at
irradiation intensity of 1.0-1.5W/cm®, while the amplitude
presents significant decrease at the irradiation intensity is
2.0W/cm®. To evaluate the photothermal therapy, the
change folds of the firing rate are derived and calculated
under laser irradiation with different powers (Figure 4(d)).
The signal firing rate of 1.5 W/cm*-treated cardiomyocytes
is 15.1 times higher than that of original bradyarrhythmia
and present a good rhythm. In contrast, the change folds of

the firing rate under 1.0 and 2.0 W/cm? treatment are only
1.4 and 4.0. The amplitude under different laser irradiations
shows no obvious changes. Compared with the Au-planar,
Pt-nanoroded, and Pt-planar substrate, the Au-nanoroded
array has a high absorption at 808 nm based on its three-
dimensional nanorod structure, which can accumulate
enough heat and increase the temperature, so that the high
temperature of the Au-nanoroded array can effectively
stimulate to respond and make the cardiomyocytes with



bradyarrhythmia return to the normal. All the results
indicate that the photothermal effect of the Au-Nanoroded
device under 1.5W/cm® 808 nm NIR laser irradiation is
higher than that of other devices or laser powers, and the
high firing rate can maintain for a long period of time in
the postirradiation stage.

To improve the performance of photothermal regulat-
ing, duration of laser irradiation is further optimized to
investigate the sustainability of photothermal therapy. Con-
tinuous recordings of bradyarrhythmia models begin at the
preirradiation stage, and 1.5 W/cm® laser irradiation is then
applied on the model for 10 min. When the laser irradiation
is regulated on the model, the firing rate of electrophysiolog-
ical signals dramatically rises at the early irradiation stage;
however, the signals are significantly inhibited due to the
long laser irradiation at the late irradiation stage. The signals
of model cannot recover at the postirradiation stage due to
the irreversible cell damage (Figure 5(a)). To protect the cell
viability, laser irradiation duration is reduced to 5min for
photothermal regulation. When irradiation is applied on
the bradyarrhythmia model, the firing rate significantly
increases during the whole 5 min irradiation and can contin-
uously remain rhythmic for a long period of time in the
post-irradiation stage (Figure 5(b)). To explore the perfor-
mance of shorter irradiation duration, 3 min irradiation is
applied on the bradyarrhythmia model, and the signal firing
present similar evolution at the irradiation stage and can
maintain a high firing rate for a short period of time at the
early postirradiation stage, but rapidly fall into arrhythmia
as shown in Figure 5(c). In our experiments, we use different
devices simultaneously for parallel experiments. The cou-
pling of cardiomyocyte electrode will be different, so the
electrical signal profiles will be different. However, the bra-
dyarrhythmia model of cardiomyocytes is based on the
slower firing rate; therefore, the slight differences of the pre-
irradiation firing rate among 10, 5, and 3 min irradiation
duration will not affect the photothermal repair assay. From
the statistical results, it can be concluded that the 5 min laser
irradiation is optimized for Au-nanoroded device to per-
form the photothermal regulation and protect the cell via-
bility (Figure 5(d)). Based on this optimized 5min and
1.5 W/cm? laser irradiation, the sustainability of the photo-
thermal therapy is investigated. As shown in Figure 5(e),
1.5W/cm?® laser irradiation is first administrated on the
bradyarrhythmia model for 5min and then stopped. The
electrophysiological signals of the bradyarrhythmia model
are continuously recorded in the whole process. Signal
firing presents a sharp rise after irradiation and maintain
the normal rhythm with a high firing rate over 20 min
(Figure 5(f)). The amplitude of the signal seldom changes
during the preirradiation and postirradiation periods (Sup-
plementary Figure S7). Therefore, it is demonstrated that
the optimized photothermal therapy can effectively treat
the bradyarrhythmia in a noninvasive and label-free
manner. Further, to investigate the sustainability of the
photothermal regulation on cardiomyocyte repair, repeated
irradiation is performed, and electrical signals are recorded.
The laser irradiation of 1.5 W/cm” for 5min can well repair
the cardiomyocyte without causing damage, thus achieving
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two consecutive days of electrical signal recording. As
shown in Figure 5(g), cardiomyocytes can monitor the
electrical signals after twice laser irradiation over two
consecutive days. After irradiation, the firing rate of signals
is increased from 31.66+5.72min"' to 108.77 +2.51 min™!
on day 1 and 12.42 +4.45min™" to 116.54+2.84min"' on
day 2 (Figure 5(h)). While the amplitude of the signal
seldom changed during the preirradiation and postirradiation
periods in two consecutive days. Therefore, it demonstrated
the multiple cycle irradiations when electrical signals can be
detected to enhance the repair effect on the bradyarrhythmia.

2.4. Characterization of Photothermal Therapy by mRNA
Sequencing. To further verify the photothermal regulation
on cardiomyocytes with bradyarrhythmia, mRNA sequenc-
ing is introduced to analyze the gene expression of cardio-
myocytes cultured on these different devices, including
blank substrate, Au-planar substrate, and Au-nanorded sub-
strate. Followng culture for 6 days, the cells on each device
are treated with 808 nm NIR laser irradiation and then lysed
to performe mRNA sequencing to analyze the differences in
gene expression (Figure 6(a)). Sequencing shows that over
1.8 x 10* genes generate the altered expressions in cardio-
myocytes after exposed to the laser irradiation. The principal
component (PC) map shows three technical replicates in
each condition, allowing a reliable comparison of different
treatments on the gene expression (Figure 6(b)). The laser
irradiation-treated cardiomyocytes on the blank substrate
and Au-planar substrate are close to the control group
without the laser irradiation, indicating the similar gene
expression. The treated cardiomyocytes on Au-Nanoroded
substrate present the significantly different gene expression.
As shown in Figures 5(c)-5(e), volcano plots for genes
shows that are upregulated or downregulated depending
on the each condition. Gene expressions are considered as
significant difference with Q. (corrected P,,,.) < 0.001
and with [log, fold change | >1. Compared with the control
group without the laser irradiation, the differentially
expressed genes (DEGs) number in cardiomyocytes cultured
on the blank and Au-planar substrates under laser irradia-
tion is only 12 and 5, respectively, indicating that the laser
irradiation hardly affects the cardiomyocytes cultured on
the blank substrate and Au-planar substrate (Figures 5(c)
and 5(d)). However, cardiomyocytes cultured on the Au-
nanoroded substrate present the dramatic changes of DEGs
under laser irradiation treatment with 286 upregulated and
907 downregulated DEGs (Figure 5(e)). It provides evidence
that the Au-nanoroded substrate can induce the photother-
mal effect by laser irradiation, which enables cardiomyocytes
to recover a normal rhythm.

In addition, the Venn diagram shows gene sequencing
after laser irradiation at 1.5W/cm?® for 5min. Compared
with the control group, Au-nanoroded possesses ~3810 dif-
ferent gene changes, while the Au-planar device possesses
~10 different gene changes (Figure 6(f)), so the firing rates
of cardiomyocytes on two devices are significantly different
at optimized laser irradiation at 1.5 W/cm? for 5min, indi-
cating the effective photothermal regulation on cardiomyo-
cyte in the Au-nanoroded group. According to the analysis



Research

Pre-irradiation

(®)

Pre-irradiation

.- L5 W/cm® irradiation for 10 min
1

Post-irradiation

[
L

h
,I
SRR

g 2
2s — 2s

2s
(d) dkoksk - Pre
(©) Pre-irradiation 1.5 W/cm? irradiation for 3 min Post—irra'd_%ation ~ 2001 prcess mm Trradiation
: il e £ 1504 Post
g -
>
g : S P
30s = W ‘2 50 —
2 =
(=)
~ 2s 0- . ) )
10 min 5 min 3 min
(e) 0 Irradiation time
Bradyarrhythmia Irradiation Normal rhythm with a high firing rate Irradiation

(g) - Day 1 Day 2
S
ks
=
&
5
2
A
= 1 Irradiation l
S
£
=
<
‘E W
7
3
~

2s

-e-Pre-irradiation
-=-Post-irradiation

10 20 30 40
Time (min)
) 200 150
Il Pre-irradiation B Pre-irradiation
= I Post-irradiation [ Post-irradiation
é 150 skokskok ko sk ok ,;100
s =z
£ 100 B N
o 3
= = 50
(= o
= g
50 Z
w
<)
=
< Day 1 Day 2 Day 1 Day 2

FIGURE 5: Optimization of photothermal regulating duration for the bradyarrhythmia model. (a-c) Typical electrophysiological evolution of
cardiomyocytes with bradyarrhythmia by 10 min (a), 5min (b), and 3min (c) laser irradiation treatment. (d) Statistics of firing rate

evolution of cardiomyocytes in the preirradiation, irradiation, and

postirradiation stages. (e) Continuous extracellular electrical signal

profile of cardiomyocytes cultured by Au-nanoroded MEA before and after the 1.5 W/cm? laser irradiation. (f) Statistics of the firing rate
for a long period of time. (g) Electrical signals of preirradiation and postirradiation from primary rat cardiomyocyte over consecutive

two days. (h) Statistical histogram showing the firing rate and amp
are analyzed by ANOVA. N=8; “p<0.05, **p <0.01.

of the DEGs, the Au-nanoroded substrate can produce the
effective photothermal regulation on cardiomyocytes in con-
trast to the Au-planar substrate. In addition, the heat shock
protein 70 (HSP70) in cells can respond to external stimuli.

litude of signals changes from day 1 to day 2. Significant differences

As shown in Figures 6(g) and 6(h), genes involved in the
regulation of heat shock protein 70 and fluorescent staining
are significantly changed compared to the control group. As
the main heat shock protein in the heat shock protein family,
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HSP70 is often highly expressed by the stimulated cells of
biological organisms to protect the body and cells, so it can
be used to verify the photothermal stimulation. In the for-
mer work, it was suggested that Au nanorod-assisted PPTT
would show different efficacy responses with different
expression levels of heat shock proteins [49]. In addition, it
was verified that the activation of Au-NR at 808 nm near-
infrared light can generate heat for the photothermal
therapy and its introduction stimulated the regulation of
cytoskeletal proteins [50]. Figure 6(g) shows the related
genes encoding HSP70 protein have different expression
levels by applying a filtering criterion of Q. <0.001. To
intuitively observe the HSP70 response of cardiomyocytes
to laser irradiation, HSP70 antibodies are immunostained
to show the expression level (Figure 6(h)). In contrast to
the protein expression of cardiomyocyte cultured on Au-
nanoroded MEA without laser irradiation, the expression
of heat shock protein significantly increases under laser irra-
diation, indicating the effective photothermal stimulation of
cardiomyocytes on Au-nanoroded MEA.

To study the gene expression programs that regulates the
rhythm recovery of cardiomyocytes after photothermal
treatment, the expression of functional genes related to
rhythm activities is further analyzed by gene ontology
(GO). GO enrichment analysis show that DEGs greatly
change in regulation of cardiac muscle cell contraction,
regulation of circadian rhythm, regulation of heart rate,
regulation of heart rate by cardiac conduction, positive reg-
ulation of calcium ion transport, and endoplasmic reticulum
calcium ion homeostasis, whose enrichment rates all exceed
50% and Q. is lower than 0.05 (Figure 6(i)). These
enriched genes encoding ion channels and regulatory pro-
teins including Na** channel, K" channel, Ca*>* channel,
transporter genes, and Ca®* regulatory protein genes signif-
icantly enhance expression level (Figure 6(j)). The first class
is ion channel genes including KCNQ1, KCNJ8, KCNH2
(encoding potassium voltage-gated channel); KCNN4
(encoding potassium calcium-activated channel); CaC-
NAI1C, CaCNA2D1, CaCNB3, and CaCNA2D2 (encoding
calcium voltage-gated channel); and SCN3B and SCN5A
(encoding sodium voltage-gated channel) which present
obvious changes in gene expression. Among them, KCNJ8
encodes the inwardly rectifying potassium channel subunit
Kir6.1, which is an ATP-sensitive potassium channel and
involves in cell electrical excitability. CaCNA2D1 and CaC-
NA2D2 are involved in regulating L-type calcium channel
and calcium electrical activities in the heart, respectively.
The second class is transporter genes, such as ATP1A3 and
ATPIB1 (involved in encoding the Na™/K" pump (Na*/
K*"-ATPase)), which maintain intracellular ion homeostasis.
The third class is Ca** regulatory genes, such as ATP2BI,
ATP2B4, ATP2A2, and Ryr3. ATP2B1 regulates intracellular
calcium ion levels and shows the slight changes in gene
expression. ATP2B4 is involved in the calcium transport
of the ATPase plasma membrane calcium transporter,
which plays a role in regulating calcium homeostasis and
calcium-mediated signaling pathways. ATP2A2 encodes
the sarcoplasmic reticulum Ca** ATPase, which is related
with calcium transport in the heart. Based on the gene
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analysis, it is demonstrated that the photothermal therapy
are effectively regulated on bradyarrhythmia.

3. Conclusions and Perspectives

In this work, we develop an integrated Au-nanoroded
biosensing and regulating platform to investigate the photo-
thermal therapy of cardiac bradyarrhythmia in vitro. It is
demonstated that the Au-nanoroded electrode array possess
both signal recording and regulating functions. Bradyar-
rhythmia in vitro can be modelled after culture for a long
time. After checking the signal firing rate of cardiomyocytes
under different levels of laser irradiation, 1.5W/cm? laser
irradiation for 5min is optimized for cardiomyocytes cul-
tured on Au-nanoroded MEA, and the firing rate can return
to normal after irradiation and maintain for a long period of
time. In contrast to optogenetic methods used to stimulate
cardiomyocytes in previous studies, this nongenetic regualt-
ing method proposed in this work exclude the complex
transfection steps. Photothermal stimulation of cardiomyo-
cytes supported by Au-nanoroded takes advantage of the
local thermal effects of the laser and Au-nanoroded interac-
tion to accumulate enough thermal energy to restore rhythm
of cardiomyocytes, providing a convenient method to treat
bradyarrhythmia. Furthermore, mRNA sequencing shows
that the DEGs in cardiomyocytes are significantly increased
after photothermal regulation, mainly focusing on ion chan-
nel genes, transporter genes, and Ca®" regulatory protein
genes, which are related to the regulation of heart rate, signal
transduction, and ion transport. This work provides the
reliable evidence of photothermal repair on cardiomyocytes
with bradycarrhythmia and proposes a high-efficiency bio-
sensing and regulating platform to treat the bradycar-
rhythmia in vitro, which presents a high potential for
cardiological clinical studies.

4. Materials and Methods

4.1. Device Fabrication and Assembly. For the device
fabrication, 75 mm x 75mm, 1 mm thick microscope slide
(CITOTEST, China) is used as the substrate. A 4 mm diam-
eter circle opening is fabricated by photolithography which
is spin-coated by 2.5um thick RZJ-390PG-50 photoresist
(Ruihong Electronic Chemical, China), soft baked at 100°C
for 2 min, exposed by I-line masker alinger (ABM, USA) at
the dose of 300mJ/cm’, and developed for 35s using
RZX3038 developer (Ruihong Electronic Chemical, China).
The substrate is then sputtered with 1 nm thick ZnO in this
4mm diameter circle opening using VTC 300 magnetron
sputter as the seeds of ZnO nanorods (Microtech, China).
ZnO nanorods are synthesized by hydrothermal method
with 35mM Zn(NO,),-6H,0 (Sigma, USA) and 35mM
Hmethyltetramine (C;H;,N,) (Sigma, USA) aqueous solu-
tions at 90°C for 2.5h. The substrate is rinsed by deionized
water after the synthesis of ZnO nanorods. Subsequently,
the conductive layer is fabricated by the same photolithogra-
phy protocol of RZJ-390PG-50 photoresist, Cr/Au or Cr/Pt
(10nm/100nm) electrode, lead and pad are patterned by
sputtering and lift-off steps. Part of the nanoroded region
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is covered by the Cr/Au or Cr/Pt pattern. Finally, a 2 ym
think insulation layer (Kayaku Advanced Materials, USA)
is patterned by SU-8 2002, which is spin-coating at
3000 rpm/min, soft baking at 95°C for 1min, exposed by
an I-line masker aligner at the dose of 120m]J/cm’ post
baked at 95°C for 1min, developed in propylene glycol
methyl ether acetate (PGMEA) for 1min, rinsed with iso-
propyl alcohol for 1 min, dried with N, air gun, and hard
baked at 150°C for 1h on a hot plate to finish the device
fabrication.

The device unit is assembled by a glass ring, Au-
nanoroded electrode array chip, and printed circuit board
(PCB) adapter, from top to bottom. The glass ring with a
diameter of 1.4 cm and a height of 1 cm is glued at the center
of MEA as a cell culture chamber by polydimethylsiloxane
(PDMS) (Sylgard 184, Dow Corning, USA). MEA is attached
to the PCB adapter by PDMS, and all the electrode pads are
electrically connected to PCB pads by silver conductive glue
(Electrolube, UK). Pin headers are finally soldiered on the
PCB adapter to match the interface of self-developed electro-
physiological recording system.

4.2. Scanning Electron Microscope (SEM) Characterization.
Prior to SEM imaging, the device is fixed on the sample stage
with conductive carbon tape and then sputtered with 2nm
gold to improve conductivity by VI'C 300 sputter (Micro-
tech, China). Scanning electron microscopy images are
taken by SUPRA 60 SEM system (Zeiss, Germany) at an
angle of 45°.

4.3. Primary Cardiomyocyte Culture. Devices are sterilized
by 75% ethanol under UV radiation for 2 hours in the
biosafety cabinet, and the devices are then coated with
10 pg/ml fibrin solution (Sigma, USA) in a 4°C refrigerator
overnight to improve cell adhesion. The primary cardiomyo-
cytes are derived from 1 to 3 days old neonatal Sprague-
Dawley rats (SPF, Laboratory Animal Center of Sun Yat-
sen University). After the rats are sterilized by 75% alcohol,
ventricular tissue is rapidly excised and immersed in the
ice-cold Dulbecco’s Modified Eagle Medium (DMEM,
Thermo Fisher Scientific, USA). The tissues are cut into
~1 mm? fragments in the cold Hanks” Balanced Salt Solution
(HBSS, Thermo Fisher Scientific, USA). The fragments are
then digested in HBSS dissolved with 0.07% trypsin (Thermo
Fisher Scientific, USA) and 0.05% collagenase Type II
(Thermo Fisher Scientific, USA). Each digestion step takes
8 min for 12 times in 37°C 5% CO, incubator. After digestion,
the cell suspension is collected in DMEM supplemented with
10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) and
centrifuged with 1000 rpm for 5min. The resuspended cell
suspension is filtered by 70 ym cell strainer (Sigma, USA).
By 45min differential adhesion twice, cardiomyocytes are
cultured in the device at a total number of 2.5 x 10> cells/
cm® and cultured in 37°C and 5% CO, incubator. The
medium is replaced every two days to maintain sufficient
nutrients. All protocols complied with regulations of Sun
Yat-sen University Institutional Animal Care and Use Com-
mittee (approval no. SYSU-IACUC-2020-B0007).
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4.4. Immunofluorescence Staining. After culture for 3 days,
cardiomyocytes are performed immunofluorescence staining
to check the state. The cells are washed with 0.01 M PBS and
fixed with 4% paraformaldehyde for 30 min at room temper-
ature. After 3 ice-cold PBS washes, samples are permeated
with PBS containing with 0.25%Triton X-100 for 10 min at
room temperature. Following 3 buffer washes, samples are
incubated with a blocking solution of 1% BSA in PBST
(PBS+0.1% Tween 20) for 30 min. After that, samples are
incubated by diluted primary antibodies (mouse anti-a-acti-
nin, 1:500, sc-17829, Santa, USA, and rabbit anti connexin-
43,1:200,ab11370, Abcam, UK) solution for 1 h at 37°C incu-
bator. After incubation of primary antibodies, the samples are
washed and incubated with 1:500 dilution of secondary anti-
bodies in blocking solution: Alexa Fluor 488 goat anti-mouse
(ab150117, Abcam, UK) and Alexa Fluor 568 donkey-anti-
rabbit (ab175693, Abcam, UK) for another 1 hour. Following
3 buffer washes, nucleus is stained by Hoechst 33342 (Sigma,
USA) for 5min. All fluorescence images are performed with
a fluorescence microscope (Leica, Germany).

4.5. Photothermal Regulating. Photothermal regulation is
performed after cardiomyocytes are cultured for six days
with bradyarrhythmia. The He-Ne laser with a wavelength
of 808 nm is first turned on to preheat for 5min, and the
parameters of laser power (1.0, 1.5, and 2.0 W/cm?) are set
for irradiation. The MEA device with cultured cardiomyo-
cytes is aligned then under the laser and irradiated for a
given time, while the extracellular potential of cardiomyo-
cytes is simultaneously recorded in real time.

4.6. Electrophysiological Signal Recording. After the cardio-
myocytes exhibited spontaneous beating (usually 3 days
after culture), the nanoroded electroeds is connected to a
self-developed 32-channel electrophysiological measure-
ment system for extracellular potential recordings at
20kHz sampling rate. The signals are then filtered with a
bandpass of 1 Hz-7.6 kHz by hardware. All the experiments
can be performed in 37°C incubator.

4.7. mRNA Sequencing. The cardiomyocytes are washed with
PBS and lysed by TRIzol solution (ThermoFisher, USA).
The lysate is transferred into centrifugal tube of RNase-free
(ThermoFisher, USA), stored at -80°C, and sent company
(BGI Group) for mRNA sequencing. Data analysis is based
on interactive software Dr. Tom by BGI Group. Differential
genetic detection adopts DEGSeq method, which is pro-
posed a new method based on MA-Plot, which is a widely
used statistical analysis tool for chip data. To improve the
accuracy of DEGSeq, genes with |log, | fold change > 1 and
Q value <0.001 are defined and screened as significantly dif-
ferentially expressed genes (DEGs). According to the results,
the union of DEGs is performed by using R-package heat
map for hierarchical clustering analysis. Functional classifi-
cation of DEGs is conducted according to Gene Ontology
annotation results and official classification. Meanwhile,
Phyper function in R software is used for enrichment analy-
sis and the Q value is calculated.
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4.8. Statistical Analysis. The signal processing is performed
by self-developed MATLAB 2020 program. All results and
error bars are expressed as mean + SD (standard deviation).
The statistical analysis was performed using Prism 8.0
(GraphPad, USA) or Excel 2019 (Microsoft, USA).

Data Availability

All data needed in the paper are present in the paper and in
the supplementary section. Additional data related to this
paper may be requested from the authors.

Conflicts of Interest

The authors declare no competing financial interest.

Authors’ Contributions

J.E. performed the investigation, established the methodol-
ogy, analyzed the data, and prepared the manuscript. D.L.
performed the validation, analyzed the data, and assisted in
completing the manuscript. D.X. performed the investiga-
tion and established the methodology. Q.W. performed the
validation and provided resources. H.L. established the
methodology and developed the software. Y.L. performed
the investigation and edited the paper. N.H. conceptualized
the study, wrote a review of the literature, edited the paper,
supervised the research, managed the project, and acquired
funding. All the authors discussed the results and reviewed
the manuscript. Jiaru Fang, Dong Liu, Dongxin Xu, and
Qianni Wu contribute equally to this work.

Acknowledgments

The work is supported in part by the National Natural
Science Foundation of China (Grant Nos. 82061148011,
62171483, and 621042640), Guangdong Basic and Applied
Basic Research Foundation (Grant Nos. 2020A1515010665,
2020A1515110424, 2020A1515111210, and 2021A1515011609),
Department of Science and Technology of Guangdong
Province Project (Grant No. 2020B1212060030), Science
and Technology Program of Guangzhou (Grant No.
202102010231), Funds of the Guangdong Provincial Key
Laboratory of Ophthalmology and Visual Science (Grant
No. 2020B1212060033), and Open Project of Chinese Acad-
emy of Sciences (Grant No. SKT2006).

Supplementary Materials

The authors provide supplementary information that
offers details on some of the approach in this paper.
(Supplementary Materials)

References

[1] D. Zhao, J. Liu, M. Wang, X. Zhang, and M. Zhou, “Epidemi-
ology of cardiovascular disease in China: current features and
implications,” Nature Reviews Cardiology, vol. 16, no. 4,
pp. 203-212, 2019.

13

[2] M. Ezzati, Z. Obermeyer, 1. Tzoulaki, B. M. Mayosi, P. Elliott,
and D. A. Leon, “Contributions of risk factors and medical
care to cardiovascular mortality trends,” Nature Reviews Car-
diology, vol. 12, no. 9, pp. 508-530, 2015.

[3] R. Mehra, “Global public health problem of sudden cardiac
death,” Journal of Electrocardiology, vol. 40, no. 6, pp. S118-
$122, 2007.

[4] W. Wang, S. S. Hu, L. Z. Kong et al., “Summary of report on
cardiovascular diseases in China, 2012,” Biomedical and Envi-
ronmental Sciences, vol. 27, no. 7, pp. 552-558, 2014.

[5] V. Fuster, “Top 10 cardiovascular therapies and interventions
for the next decade,” Nature Reviews Cardiology, vol. 11,
no. 11, pp. 671-683, 2014.

[6] S. Pabel, S. Ahmad, P. Tirilomis et al., “Inhibition of NaV1.8
prevents atrial arrhythmogenesis in human and mice,” Basic
Research in Cardiology, vol. 115, no. 2, p. 20, 2020.

[7] G. Bockeria, E. Golukhova, M. Dadasheva et al., “Advantages
and disadvantages of one-stage and two-stage surgery for
arrhythmias and Ebstein's anomaly,” European Journal of Car-
dio Thoracic Surgery, vol. 28, no. 4, pp. 536-540, 2005.

[8] J. L. Cox, “Cardiac surgery for arrhythmias,” Pacing and Clin-
ical Electrophysiology, vol. 27, no. 2, pp. 266-282, 2004.

[9] H.Li,J. Fang, X. Wei et al., “Specific recognition of ion channel
blocker by high-content cardiomyocyte electromechanical
integrated correlation,” Biosensors ¢ Bioelectronics, vol. 162,
article 112273, 2020.

[10] G. H. Bardy, K. L. Lee, and D. B. Mark, “Amiodarone or an
implantable cardioverter-defibrillator for congestive heart fail-
ure,” ACC Current Journal Review, vol. 14, no. 4, pp. 44-44, 2005.

[11] Z.Goldberger and R. Lampert, “Implantable cardioverter-defi-
brillators: expanding indications and technologies,” JAMA,
vol. 360, pp. 809-818, 2009.

[12] R. Parameswaran, K. Koehler, M. Y. Rotenberg et al., “Optical
stimulation of cardiac cells with a polymer-supported silicon
nanowire matrix,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 116, no. 2, pp. 413-
421, 2019.

[13] M. W. Jenkins, A. R. Duke, S. Gu et al., “Optical pacing of the
embryonic heart,” Nature Photonics, vol. 4, no. 9, pp. 623-626,
2010.

[14] N.Li, B. J. Hansen, T. A. Csepe et al., “Redundant and diverse
intranodal pacemakers and conduction pathways protect the
human sinoatrial node from failure,” Science Translational
Medicine, vol. 9, no. 400, 2017.

[15] U. Nussinovitch and L. Gepstein, “Optogenetics for in vivo
cardiac pacing and resynchronization therapies,” Nature Bio-
technology, vol. 33, no. 7, pp. 750-754, 2015.

[16] T.Bruegmann, D. Malan, M. Hesse et al., “Optogenetic control
of heart muscle in vitro and in vivo,” Nature Methods, vol. 7,
no. 11, pp. 897-900, 2010.

[17] A. Savchenko, V. Cherkas, C. Liu et al., “Graphene biointer-
faces for optical stimulation of cells,” Science Advances,
vol. 4, no. 5, p. 14a, 2018.

[18] Q. Liu, M. J. Frerck, H. A. Holman, E. M. Jorgensen, and R. D.
Rabbitt, “Exciting cell membranes with a blustering heat shock,”
Biophysical Journal, vol. 106, no. 8, pp. 1570-1577, 2014.

[19] N. I Smith, Y. Kumamoto, S. Iwanaga, ]. Ando, K. Fuyjita, and
S. Kawata, “A femtosecond laser pacemaker for heart muscle
cells,” Optics Express, vol. 16, no. 12, pp. 8604-8616, 2008.

[20] G. M. Dittami, S. M. Rajguru, R. A. Lasher, R. W. Hitchcock,
and R. D. Rabbitt, “Intracellular calcium transients evoked by


https://downloads.spj.sciencemag.org/research/2022/9854342.f1.docx

14

(21]

[22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

pulsed infrared radiation in neonatal cardiomyocytes,” Journal
of Physiology, vol. 589, no. 6, pp. 1295-1306, 2011.

L. Gentemann, S. Kalies, M. Coffee et al., “Modulation of
cardiomyocyte activity using pulsed laser irradiated gold nano-
particles,” Biomedical Optics Express, vol. 8, no. 1, pp. 177-192,
2017.

A. S. T. Smith, E. Choi, K. Gray et al., “NanoMEA: A tool for
high-throughput, electrophysiological phenotyping of pat-
terned excitable cells,” Nano Letters, vol. 20, no. 3, pp. 1561-
1570, 2020.

V. Bucher, B. Brunner, C. Leibrock, M. Schubert, and
W. Nisch, “Electrical properties of a light-addressable micro-
electrode chip with high electrode density for extracellular
stimulation and recording of excitable cells,” Biosensors & Bio-
electronics, vol. 16, no. 3, pp. 205-210, 2001.

S. Vassanelli, Multielectrode and Multitransistor Arrays for In
Vivo Recording, Springer, New York, 2014.

M. E. Spira and A. Hai, “Multi-electrode array technologies for
neuroscience and cardiology,” Nature Nanotechnology, vol. 8,
no. 2, pp. 83-94, 2013.

J. Pine, “A history of MEA development,” in Advances in Net-
work  Electrophysiology: Using Multi-Electrode Arrays, M.
Taketani and M. Baudry, Eds., pp. 3-23, Springer US, Boston,
MA, USA, 2006.

J. D. Rolston, R. E. Gross, and S. M. Potter, “A low-cost
multielectrode system for data acquisition enabling real-
time closed-loop processing with rapid recovery from stim-
ulation artifacts,” Frontiers in Neuroengineering, vol. 2,
p. 12, 2009.

J. S. Choi, H. J. Lee, S. Rajaraman, and D. H. Kim, “Recent
advances in three-dimensional microelectrode array technolo-
gies for in vitro and in vivo cardiac and neuronal interfaces,”
Biosensors & Bioelectronics, vol. 171, article 112687, 2021.

J. E. Eschermann, R. Stockmann, M. Hueske, X. T. Vu,
S. Ingebrandt, and A. Offenhdusser, “Action potentials of
HL-1 cells recorded with silicon nanowire transistors,” Applied
Physics Letters, vol. 95, no. 8, article 083703, 2009.

K. Wang, H. A. Fishman, H. Dai, and J. S. Harris, “Neural
stimulation with a carbon nanotube microelectrode array,”
Nano Letters, vol. 6, no. 9, pp. 2043-2048, 2006.

A. Hai, A. Dormann, J. Shappir et al., “Spine-shaped gold
protrusions improve the adherence and electrical coupling
of neurons with the surface of micro-electronic devices,”
Journal of the Royal Society Interface, vol. 6, no. 41,
pp. 1153-1165, 2009.

F. Santoro, J. Schnitker, G. Panaitov, and A. Offenhausser, “On
chip guidance and recording of cardiomyocytes with 3D
mushroom-shaped electrodes,” Nano Letters, vol. 13, no. 11,
Pp. 5379-5384, 2013.

N. Zhang, F. Stauffer, B. R. Simona et al., “Multifunctional 3D
electrode platform for real-time in situ monitoring and stimu-
lation of cardiac tissues,” Biosensors ¢ Bioelectronics, vol. 112,
pp. 149-155, 2018.

A. Espinosa, A. Curcio, S. Cabana et al., “Intracellular biodeg-
radation of ag nanoparticles, storage in ferritin, and protection
by a Au shell for enhanced photothermal therapy,” ACS Nano,
vol. 12, no. 7, pp. 6523-6535, 2018.

Y. Liu, M. Yang, J. Zhang et al., “Human induced pluripotent
stem cells for tumor targeted delivery of gold nanorods and
enhanced photothermal therapy,” ACS Nano, vol. 10, no. 2,
pp. 2375-2385, 2016.

(36]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

[47]

(48]

[49]

(50]

Research

T. D. Cong, Z. Wang, M. Hu, Q. Han, and B. Xing, “Extraspe-
cific manifestation of nanoheater's position effect on distinc-
tive cellular photothermal responses,” ACS Nano, vol. 14,
no. 5, pp. 5836-5844, 2020.

Y. Wang, W. Du, T. Zhang et al., “A self-evaluating photother-
mal therapeutic nanoparticle,” ACS Nano, vol. 14, no. 8,
Pp. 9585-9593, 2020.

M. Pérez-Hernéndez, P. del Pino, S. G. Mitchell et al., “Dissect-
ing the molecular mechanism of apoptosis during photother-
mal therapy using gold nanoprisms,” ACS Nano, vol. 9,
no. 1, pp. 52-61, 2014.

Y. Chen, Y. Gao, Y. Chen, L. Liu, A. Mo, and Q. Peng,
“Nanomaterials-based photothermal therapy and its potentials
in antibacterial treatment,” Journal of Controlled Release,
vol. 328, pp. 251-262, 2020.

L. Zou, H. Wang, B. He et al,, “Current approaches of photo-
thermal therapy in treating cancer metastasis with nanothera-
peutics,” Theranostics, vol. 6, no. 6, pp. 762-772, 2016.

Y. Liu, P. Bhattarai, Z. Dai, and X. Chen, “Photothermal
therapy and photoacoustic imaging via nanotheranostics in
fighting cancer,” Chemical Society Reviews, vol. 48, no. 7,
pp. 2053-2108, 2019.

F. Lodola, V. Vurro, S. Crasto, E. di Pasquale, and G. Lanzani,
“Optical pacing of human-induced pluripotent stem cell-
derived cardiomyocytes mediated by a conjugated polymer
interface,” Advanced Healthcare Materials, vol. 8, no. 13,
article €1900198, 2019.

A. R. Shah, M. S. Khan, A. M. Hirahara, M. Lange, R. Ranjan,
and D. J. Dosdall, “In vitro/ex vivo investigation of modified
Utah electrode array to selectively sense and pace the sub-
surface cardiac his bundle,” ACS Biomaterials Science & Engi-
neering, vol. 6, no. 6, pp- 3335-3348, 2020.

C. Z.Li, K. B. Male, S. Hrapovic, and J. H. T. Luong, “Fluores-
cence properties of gold nanorods and their application for
DNA biosensing,” Chemical Communications, no. 33,
pp. 3924-3926, 2005.

P. Shah, X. Zhu, X. Zhang, J. He, and C. Z. Li, “Microelectro-
mechanical system-based sensing arrays for comparative
in vitro nanotoxicity assessment at single cell and small cell-
population using electrochemical impedance spectroscopy,”
ACS Applied Materials & Interfaces, vol. 8, no. 9, pp. 5804
5812, 2016.

C. Xie, Z. Lin, L. Hanson, Y. Cui, and B. Cui, “Intracellular
recording of action potentials by nanopillar electroporation,”
Nature Nanotechnology, vol. 7, no. 3, pp. 185-190, 2012.

X. Duan, R. Gao, P. Xie et al., “Intracellular recordings of action
potentials by an extracellular nanoscale field-effect transistor,”
Nature Nanotechnology, vol. 7, no. 3, pp. 174-179, 2011.

Z. C. Lin, C. Xie, Y. Osakada, Y. Cui, and B. Cui, “Iridium
oxide nanotube electrodes for sensitive and prolonged intra-
cellular measurement of action potentials,” Nature Communi-
cations, vol. 5, no. 1, p. 3206, 2014.

M. R. Ali, H. R. Alj, C. R. Rankin, and M. A. el-Sayed, “Target-
ing heat shock protein 70 using gold nanorods enhances can-
cer cell apoptosis in low dose plasmonic photothermal
therapy,” Biomaterials, vol. 102, pp. 1-8, 2016.

M.R. Ali, Y. Wu, Y. Tang et al., “Targeting cancer cell integrins
using gold nanorods in photothermal therapy inhibits migra-
tion through affecting cytoskeletal proteins,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 114, no. 28, pp. E5655-E5663, 2017.



	Integrated Au-Nanoroded Biosensing and Regulating Platform for Photothermal Therapy of Bradyarrhythmia
	1. Introduction
	2. Results and Discussion
	2.1. Establishment and Characterization of Integrated Au-Nanoroded Biosensing and Regulating System
	2.2. Bradyarrhythmia Modeling and Regulating on Au-Nanoroded Device
	2.3. Optimization of Photothermal Therapy on Bradyarrhythmia Model
	2.4. Characterization of Photothermal Therapy by mRNA Sequencing

	3. Conclusions and Perspectives
	4. Materials and Methods
	4.1. Device Fabrication and Assembly
	4.2. Scanning Electron Microscope (SEM) Characterization
	4.3. Primary Cardiomyocyte Culture
	4.4. Immunofluorescence Staining
	4.5. Photothermal Regulating
	4.6. Electrophysiological Signal Recording
	4.7. mRNA Sequencing
	4.8. Statistical Analysis

	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

