L T

z

1\

BN AS PN AN D

@ COMMENTARY

A ray of light for treating cardiac

conduction disorders

Ron Feiner®® and Tal Dvir®P<d1

Implantable cardiac pacemakers have been employed
for the treatment of various arrhythmias beginning in
the 1950s. Throughout the years, developments in
microfabrication technologies, as well as advances
in surgical procedures and the understanding of elec-
trophysiology, have brought forth next-generation
cardiac pacemakers. These are much smaller, capable
of feedback regulation, and endowed with longer-
lived batteries, which decrease the need for frequent
surgery and battery replacement (1). In addition, the
advent of antiinflammatory drug-eluting leads has sig-
nificantly reduced the risk of inflammation and rejec-
tion after cardiac pacemaker implantation. However,
these devices do not completely eliminate the im-
mune response (2) and still require battery replace-
ments every several years. Furthermore, implantation
of foreign bodies on the heart still poses the risk of
fouling in the chest cavity, with resultant unwanted
electrochemical reactions. In PNAS, Parameswaran et al.
(3) describe the development of an approach for cardiac
cell and whole-heart pacing.

Traditional cardiac pacemakers rely on delivering
an electrical pulse to the cardiac tissue to elicit a
response in the form of cell contraction. This method
is based on the depolarization of the membrane
potential of the cardiomyocytes, which leads to in-
tracellular calcium release and activation of the cell
contraction machinery. Developments in the field of
optogenetics have previously shown that by infecting
cardiac cells with light-gated ion channels, it is possible
to elicit cardiac cell contraction by light illumination (4).
While this method is not invasive, it involves infection
of the cardiac tissue with a virus expressing the light-
activated ion channel. Other noninvasive methods
based on light illumination have shown that cardiac
cells can be paced without the need to apply an
electric field. Gentemann et al. (5) described the
use of gold nanoparticles irradiated with a 532-nm
laser to induce heating of the cardiac cells, which leads
to calcium oscillations and cell contraction when placed
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Fig. 1. Schematic illustration depicting the stimulation of a whole heart using the
polymer-SiNW mesh. The mesh is placed onto the heart, and a microscope
objective (Obj) is used to irradiate it. The beating motions of the heart move it in
and out of focus, thus exposing the cells only to intermittent laser radiation each
time, similar to the effect achieved with the scanning laser used on cultured cells.
ECG electrodes were placed on the heart to monitor its response to the laser-

induced pacing.

in a calcium-containing buffer. In a different approach,
Savchenko et al. (6) used graphene’s ability to convert
light into electricity to pace cardiac cells and tissues
in vivo. Other works have described the use of direct
laser illumination to induce cardiac contraction in em-
bryonic quail hearts (7) and even adult rabbit hearts
(8). While these methods show great promise, they
rely on continual laser irradiation to achieve contrac-
tion at the same frequency of the applied pulse. Fur-
thermore, the required laser radiant exposure required
to achieve stimulation in these methods is very high and
may result in a high percentage of cell death.

In their work, Parameswaran et al. (3) use photoli-
thography to define a mesh composed of the polymer
SU-8 that serves as a substrate for a high-density array
of p-type/intrinsic/n-type silicon nanowires (PIN-SiNWs).
Such wires were specifically chosen as they have been
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shown to elicit action potentials when illuminated due to their
innate photoelectric capabilities (9). This is in contrast to other
types of SiNWs, such as silicon core shell nanowires that lack a
photoelectric response, and so were used as a negative control.
The PIN-SiNWs were dispersed in high numbers onto the SU-
8 substrate before photolithographic definition. Areas that were
blocked from irradiation by the photomask were supposed to
be washed away in development. However, the polymer directly
underneath the SiINWSs showed polymerization as well. This resulted
in a network of SiNWs supported by thin films of polymerized SU-8.
The final structure was composed of a polymer mesh covered with
nanowires. The nanowires also penetrated into the holes in the
mesh, creating a continuous, less organized network of polymer
and nanowires. This could be advantageous in the case of cell
seeding because it would aid in creating a continuous cell sheet
with better cell—cell interactions.

Parameswaran et al. (3) first describe the development of a pro-
tocol for the pacing of cardiac cells grown on their polymer nano-
wire mesh. The cells were seeded and grown on top of the
composite mesh. Due to the photoelectrochemical properties of
the SiNWSs, when they were illuminated with light, a faradaic current
was produced that could then induce an action potential at the cell
membrane. The protocol utilized scanning laser illumination at a
frequency that is much higher than the possible contraction rate
for cardiomyocytes and so was not used for direct pacing but rather
for training. With their protocol, every pixel scanned by the laser
(~0.09 pm? pixel area) was exposed to six primary incident fluxes
per stimulation frame due to the diameter of the stimulating laser.
This exposure was further increased by light propagation through
the SiNWs. The combination of the scanning protocol and the light
propagation caused by the SINWs allowed the authors to keep the
laser radiant exposure very low and thus minimize any damage to
the illuminated cells. This protocol was put into practice when car-
diac cells were seeded onto the composite mesh devices. The
seeded cells were stimulated using cycles of laser irradiation with
intervening off periods between them that allowed the researchers
to monitor the result of the training cycles. Calcium imaging was
used to monitor spontaneous beating frequencies and responses to
the laser irradiation before and after training cycles. The authors
demonstrate that the postirradiation contraction frequency in-
creases compared with the preirradiation frequency and that this
continues over three to four cycles until the target contraction fre-
quency is achieved. They note that the path toward the desired
contraction frequency varies between experiments, meaning that
it is not always a clear linear increase, and they estimate that the
stimulation radiant exposure used in this protocol is 2 to 3 orders of
magnitude lower than that described in previous works in which
cardiac tissues were paced using laser irradiation.

Lastly, the authors demonstrate ex vivo optical stimulation of
isolated adult rat hearts. The mesh device was placed on the
exposed left ventricle, and laser stimulation was used to pace the
entire heart. The nanoscale structure of the mesh allowed it to
conform to the exposed surface of the heart via capillary forces,
without any further modifications. This time, however, the pro-
tocol did not consist of line scanning, as was done with cultured
cells, but relied on the movements of the contracting heart in and
out of focus (Fig. 1). In addition, no off periods were needed
because contraction rates were measured using ECG electrodes
conveniently placed on the heart. Due to the variation in laser spot
location and intensity due to the contractile movements of the
heart and the light-dispersing effect of the SiNWs, a stimulat-
ing effect was achieved similar to that on cultured cells. This
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protocol achieved the desired stimulation frequency after
5 min of light training. Despite the long irradiation periods, cyto-
toxicity assays showed no increase in cardiac cell death compared
with untrained hearts.

In PNAS, Parameswaran et al. describe the
development of an approach for cardiac cell and
whole-heart pacing.

Although the work by Parameswaran et al. (3) is not the first to
demonstrate control of cardiac cell function by light, it shows the
development of a much more efficient protocol to do so, while
minimizing the damage to the stimulated tissue. This is due to
the added effect of the SINWSs. In recent works, SINWs have been
widely employed as tools to interrogate excitable tissues; for ex-
ample, by integrating them into field effect transistors in mesh
devices, which can be used for studying specimens ranging from
single-cell cultures to whole organs (10-13). However, these meth-
ods could not support pacing of electrogenic tissues without the
integration of larger, noble metal electrodes similar to those com-
monly used in pacemaker leads (14). The work described by Para-
meswaran et al. shows a significant step toward the development of
alternative pacing methods that could possibly replace those com-
monly used today. It is easy to imagine how these could be inte-
grated into existing tissue engineering technologies involving the
integration of electronic meshes inside engineered tissues (14, 15).
Although the authors state that there is no need for large bulky
electrode leads to be placed onto the heart, unless a method to
inject this device is devised, a thoracotomy will still be needed to
place the nanowire mesh onto the surface of the heart. Recent
works have described methods to inject ultrathin, electronic
meshes containing SiNW-based field-effect transistors into the
brain (16-18). These methods could possibly be employed in the
same manner to access the heart. Another challenge is that even
though capillary forces can hold the mesh in place for the duration
of the experiment, the mesh could easily dislodge if implanted for
extended time periods. Therefore, additional steps will be needed
to secure it to its location and minimize damage caused during
implantation. Recent work by Malki and colleagues (19) has de-
scribed a suture-free method to solder an engineered cardiac tissue
onto the surface of the heart using laser irradiation and gold nano-
rod heating. Other suture-free methods similar to this one could be
employed to prevent delamination from the dynamic surface of
the heart.

One other possible issue that should be addressed is that,
similar to cardiac pacemakers currently in use, an energy source
will still be required to supply radiation to the nanowire mesh. This
could possibly be overcome by the use of an on-board piezo-
electric energy source that will harvest energy from the move-
ments of the heart (20). Additionally, as Parameswaran et al. (3)
surmise, methods to overcome the inability of light to penetrate
the chest cavity will be needed. One could imagine the integra-
tion of micro-LEDs into the mesh network; however, in this con-
text, it has yet to be demonstrated.

Overall, the field of cell and tissue stimulation using light irradi-
ation is an exciting one, which could be envisioned as a tool in the
laboratory to study fundamental cellular processes, or in the clinic for
cardiac or neuronal therapeutics. The work presented by Parameswaran
etal. has taken this a step closer to being a reality—a stimulating
prospect that could help improve existing devices in the field of
tissue—electronics interfaces.
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