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Abstract　　Electrodes that output electric current as conduction current are widely used to stimulate nerves 
and cardiac cells in human body. We designed a photoelectric dye-coupled polyethylene �lm for use as a thin 
�lm device to stimulate nerve cells by electric potential changes. The aim of this study was to measure its pho-
toresponsive properties and to record in vitro biological response. When measured using a Kelvin probe sys-
tem, the photoelectric dye-coupled �lm showed rapid rise and fall of surface electric potential in response to 
light-on-and-off. Light-evoked surface electric potential of the dye-coupled �lm increased in response to in-
creasing light intensity. In vitro biological response to the dye-coupled �lm was assessed in isolated rat retinal 
tissues using a multielectrode array recording system. As positive control, electroretinogram-like waves were 
recorded in response to light from normal rat retinal tissue placed with the inner retinal surface at the bottom of 
the multielectrode array dish. In contrast, no light-elicited wave was recorded from degenerative retinal tissue 
isolated from retinal dystrophic Royal College of Surgeons (RCS) rats. When the dye-coupled �lm was simply 
overlaid on the degenerative retinal tissue with the inner retinal surface placed at the bottom of the multielec-
trode array dish, electroretinogram-like waves were elicited in response to light projected from the bottom. 
Plain polyethylene �lm without photoelectric dye coupling was used as negative control, and did not yield 
light-elicited response when placed on the degenerative retinal tissue. For detailed recordings of action poten-
tial spikes high-passed at 100 Hz, a nylon mesh anchor was placed on top of the preparation to ensure close 
contact between the multielectrode array and the retinal tissue with or without the dye-coupled �lm. In this ex-
perimental setting, the degenerative retinal tissue alone showed spontaneous action potential spikes as numer-
ous small trivial amplitudes in the background noise, while the degenerative retinal tissue overlain with the 
dye-coupled �lm showed action potential spikes with increased amplitude in response to light against the back-
ground of spontaneous spikes. This study con�rmed that the photoelectric dye-coupled polyethylene �lm is 
able to stimulate degenerative retinal tissue that has lost photoreceptor cells, and may function as a novel type 
of retinal prosthesis. Electric potential changes, probably as displacement current or capacitive current, may be 
an alternative approach to stimulate nerves in human body.
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1.　  Introduction

Electrically stimulating devices have been widely used 
in human body for many years, such as heart pacemak-
er [1] to stimulate cardiomyocytes, neurostimulators [2, 
3] for vagus nerve stimulation in epilepsy, and deep brain 
stimulation in Parkinson disease. All the devices output 
conduction current of electron charges that �ows out 
from direct current (DC) electric battery attached to the 
devices. Displacement current is another type of electric 
current. The displacement current is generated in electric 
battery consisting of capacitor and electric generator 
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with temporal dependence of electric �ux. Displacement 
current generated in this type of electric battery induces 
(outside the battery) electric current into the electric con-
ductive medium attached to the battery. This electric cur-
rent generated outside the battery is also called displace-
ment current. For instance, pyroelectric sensor that 
detects infrared light operates in displacement current 
mode and is commercially distributed [4, 5]. Capacitive 
current has basically the same de�nition as the displace-
ment current, and has been applied to devices with neu-
ral-prosthetic interface, such as BIONTM (BIOnic Neu-
ron) system [6].

Until now, no device that outputs displacement cur-
rent or capacitive current is available for clinical use in 
human body. We have designed a photoelectric dye-cou-
pled thin �lm to output electric potential probably as dis-
placement current in response to light [7–12]. A similar 
attempt to use the photoelectric dye to stimulate neuro-
nal cells was reported by another group of research-
ers [13]. In this study, we showed that light-evoked sur-
face electric potential of the photoelectric dye-coupled 
�lm can be measured by a Kelvin probe system and that 
electric activity can be elicited as neuronal �eld response 
by the dye-coupled �lm in degenerative retinal tissue 
from rats with retinal dystrophy.

2.　  Methods

2.1　  Preparation of photoelectric dye-coupled poly-
ethylene �lm

High-density polyethylene powder was washed with xy-
lene and placed between two square aluminum plates 
100 mm ×  100 mm in size and 2 mm in thickness. Then, 
the plates were set in a pressurized machine (IMC-11FD, 
Imoto Machinery, Kyoto, Japan), and the polyethylene 
was melted at 155°C for 15 minutes. The melted polyeth-
ylene was pressed at 10 mega-Pascal by oil pressure for 
3 minutes under vacuum in the pressurized machine. The 
polyethylene �lm between the aluminum plates was 
cooled by ice water and was rinsed with distilled water. 
A polyethylene �lm 2 ×  4 cm in size was held by a gold 
string and placed in a �uororubber-plugged three-neck 
�ask attached to a Dimroth condenser. The �ask was 
placed in an oil bath kept at 80°C, and the polyethylene 
�lm was exposed to fuming nitric acid for 14 minutes to 
introduce carboxyl moieties. The �lm was washed by 
water until neutral pH, kept in distilled water for 24 
hours, and then dried in the room atmosphere [14].

The fuming nitric acid-treated �lm was reacted with 
4 ×  10−5 mol of ethylenediamine and 4 ×  10−5 mol of N, 
N-dicyclohexylcarbodiimide (DCC) in 70 mL of chloro-
benzene in a glass-plugged �ask which was placed in a 
water bath at 35°C and rotated at 50 revolutions per min-
ute (rpm) for 48 hours. The �lm was then washed with 

chlorobenzene. The ethylenediamine-coupled �lm was 
reacted with 4  ×   10−5 mol of photoelectric dye, 
2-[2-[4-(dibutylamino)phenyl]ethenyl]-3-carboxymeth-
ylbenzothiazolium bromide (NK-5962, Hayashibara, 
Okayama, Japan), and 4 ×  10−5 mol of DCC in 75 mL of 
chlorobenzene in a glass-plugged conical �ask in a water 
bath at 35°C for 48 hours with rotation at 50 rpm. The 
�lm was washed with chlorobenzene and further soaked 
in chlorobenzene for 24 hours. The �lm was washed with 
water and dried in room atmosphere.

The dye has a molecular weight of 503.5 Dalton and 
absorption spectrum of 400–600 nm with peak absorp-
tion at 539 nm (Fig. 1a) [15, 16]. The two steps of chem-

Fig. 1　  (a) Photoelectric dye-coupled polyethylene �lm and 
its chemical structure. (b) Rapid rise and fall of sur-
face electric potential measured by Kelvin probe 
(Fig. 2) on the dye-coupled �lm surface in response 
to light-on-and-off at an intensity of 2500 arbitrary 
unit (A.U.), equivalent to 300 lux. (c) Nonlinear in-
crease of light-evoked surface electric potential on 
the dye-coupled �lm surface in response to increas-
ing light intensity.
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ical processes were monitored by infrared and visible 
light absorption spectra, respectively, to con�rm suc-
cessful reactions. Polyethylene �lm treated with fuming 
nitric acid only was designated plain �lm, and the photo-
electric dye-coupled �lm was designated dye-coupled 
�lm in the following experiments.

2.2　  Light-evoked surface electric potential mea-
surement

Light-evoked electric potential of the �lm surface was 
measured using a scanning Kelvin probe system 
(SKP5050 with a light source, Surface Photovoltage 
Spectroscopy SPS040, KP Technology, Highlands and 
Islands, UK, Fig. 2) in the surface photovoltage 
mode [17, 18]. The dye-coupled �lm was �xed on a sam-
ple device under dry condition in a humidity controlled 
box with nitrogen gas �ow (Fig. 2). The capacitance be-
tween the probe and the sample was changed by oscillat-
ing the probe. The surface potential of the sample was 
measured by adjusting the bias to set electrostatic attrac-
tive force to zero while the distance between the probe 
and the �lm was kept constant.

2.3　  Multielectrode array measurement
Normal Wistar rats at 6 weeks of age and retinal dystro-
phic Royal College of Surgeons (RCS) rats (RCS/jcl-
rdy/rdy) at 6 and 12 weeks of age were used in this study. 
This study was approved by the Animal Care and Use 
Committee in Okayama University and TechnoPro, Inc. 
(Tokyo, Japan). To evaluate biological response to the 
photoelectric dye-coupled polyethylene �lm, normal rat 
retinal tissues or degenerative retinal tissues from retinal 
dystrophic rats were used in in vitro electric recording 
using a 60-channel multielectrode array dish system 
(MEA2100 with 60MEA200/30iR-Ti, Multi Channel 
Systems MCS, Reutlingen, Germany, Fig. 3 top) or a 
64-channel multielectrode array system (MED-R515A 
with MED64 Head Ampli�er MED-A64HE1S and Main 
Ampli�er MED-A64MD1A, Alpha MED Scienti�c, 
Osaka, Japan, Fig. 3 bottom). The MEA array 
(60MEA200/30iR-Ti) had 60 titanium nitride electrodes 
30 μm in diameter and spaced at a distance of 200 μm 

Fig. 2　  Kelvin probe measuring system. Kelvin probe is 
placed inside a humidity-controlled box with a dew 
point meter.

Fig. 3　  Multielectrode array recording systems. Top 3 pan-
els show MEA2100 system with 60 electrodes, and 
bottom 3 panels show MED64 system with 64 elec-
trodes. Perfusion pump is used to circulate medium 
with bubbling air (95% O2 and 5% CO2) in a dish 
containing multielectrode array.

Toshihiko MATSUO, et al: Photoelectric Dye-Coupled Polyethylene Film (139)



between the centers of two electrodes. The MED array 
(MED-R515A) had 64 indium tin oxide electrodes 
50 μm in diameter and spaced at a distance of 150 μm 
between the centers of two electrodes. In the general set-
ting of recording, low cut frequency was at 1 Hz, and 
high cut frequency was at 10,000 Hz. To record action 
potential spikes, high pass at 100 Hz was used.

Rats’ eyes were enucleated after euthanization with 
an overdose of thiopental. The retinal tissues were extir-
pated and placed in arti�cial cerebrospinal �uid (124 mM 
NaCl, 3 mM KCl, 26 mM NaHCO3, 2 mM CaCl2, 1 mM 
MgSO4, 1.25 mM KH2PO4, and 10 mM D-glucose) with 
bubbling of 95% O2 and 5% CO2. Dark condition in the 
experimental setting was measured as 5 lux or less by a 
portable illuminometer (LM-230, AS ONE, Osaka, Ja-
pan). Surgical procedures to isolate retinal tissues were 
conducted at light intensity of 90 lux or less since no 
electroretinogram-like response was elicited in normal 
retinal tissue by light at this intensity.

The retinal tissues were placed in the orientation of 
photoreceptor layer at the top, in arti�cial cerebrospinal 
�uid in the multielectrode array dish to record electric 
response to light projected from the bottom of the 
dish [19, 20]. White or blue light-emitting diode (LED) 
at intensity of approximately 10,000 lux was placed be-
neath the multielectrode array dish. At least 4 pieces of 
isolated retinal tissues from different rats were tested for 
each condition: normal retinal tissue as positive control, 
degenerative retinal tissue as negative control, dye-cou-
pled �lm placed on degenerative retinal tissue, and plain 
�lm placed on degenerative retinal tissue.

3.　  Results

Light-evoked surface electric potential was measured on 
photoelectric dye-coupled polyethylene �lms under dry 
condition using a scanning Kelvin probe (Fig. 2). The 
surface electric potential of the dye-coupled �lm showed 
rapid rise and fall in response to light-on-and-off at 2500 
arbitrary unit, equivalent to 300 lux (Fig. 1b). The sur-
face electric potential increased in a nonlinear pattern in 
response to increasing light intensity (Fig. 1c).

Normal retinal tissues placed on the MEA dish 
(Fig. 3 top) evoked an electroretinogram-like wave in 
response to light with short latency (Fig. 4a). After the 
light was turned off brie�y and then turned on again, the 
retinal tissue evoked a second electroretinogram-like 
wave in smaller amplitude than the �rst wave (Fig. 4a). 
The degenerative retinal tissues of 6 week-old RCS rats 
showed no response to light. When the dye-coupled �lm 
was placed simply on the degenerative retinal tissue in 
the �uid, electroretinogram-like response to light was in-
duced with delayed latency ranging from a few seconds 
to a few minutes (Fig. 4b). After an interval of darkness, 

the same response was induced again by light. These ep-
isodes of response were observed in two or more neigh-
boring electrodes out of 60 in the multielectrode array 
(MEA). A plain �lm placed on the degenerative retinal 
tissue did not yield light-elicited response.

Under continuous light condition, the degenerative 
retinal tissue showed spontaneous waves with amplitude 
in opposite direction (Fig. 4c) compared with the 
light-induced response, on rare occasions. These sponta-

Fig. 4　  (a) Electroretinogram-like waves in response to light 
in isolated normal retinal tissue from a 6 week-old 
Wistar rat recorded by MEA2100 system (Fig. 3 
top). The inner retinal surface with photoreceptor 
cells aligned at the top was placed on the bottom of 
a MEA dish. See schematic drawings in right col-
umn. Light was projected from the bottom of the 
dish. (b) Electroretinogram-like wave in response to 
light via a photoelectric dye-coupled �lm 
(OURePTM) in isolated degenerative retinal tissue 
from a 6 week-old retinal dystrophic RCS rat. (c) 
Spontaneous wave observed in isolated degenerative 
retinal tissue from a 6 week-old retinal dystrophic 
RCS rat under continuous light condition. Note that 
the polarity of spontaneous wave is opposite to that 
of light-evoked wave. No anchor to press the �lm 
and tissue was used.
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neous waves were also observed in the presence of the 
dye-coupled �lm or the plain �lm placed on the degener-
ative retinal tissue.

To record action potential spikes in detail, degenera-
tive retinal tissue from 12 week-old RCS rats was placed 
on the MED dish (Fig. 3 bottom), overlain with the plain 
�lm or dye-coupled �lm, and pressed from the top with a 
hexagonal nut anchor with nylon mesh. The degenerative 
retinal tissue only and the degenerative tissue overlain 
with the plain �lm showed background spontaneous ac-
tion potential spikes as numerous small trivial ampli-
tudes in the background noise, but did not show response 
to �ashing light (Fig. 5). In contrast, the degenerative 
tissue overlain with the dye-coupled �lm showed action 
potential spikes in large amplitude and at increased fre-
quency in response to light against the background of 
spontaneous spikes (Fig. 5). These episodes of light-elic-
ited response were observed in two or more neighboring 
electrodes out of 64 in the multielectrode array (MED).

4.　  Discussion

Degenerative (dystrophic) retinal tissue was used as a 
model of neural tissue to evaluate biological response to 
the photoelectric dye-coupled �lm in this study. The ret-
inas in the eyes of retinal dystrophic RCS rats [21] show 
degeneration of photoreceptor cells but maintain the oth-
er parts of the neural network, and the connection lines 
of bipolar to ganglion cells are aligned with one another 
in parallel. Normal retinal tissue was isolated and placed 
in arti�cial cerebrospinal �uid in a dish with multielec-
trode array. The electric response of the isolated retinal 
tissue as a whole was recorded as electroretinogram-like 
wave in response to light. In contrast, the degenerative 
retinal tissue showed no electric response to light. When 
a sheet of the dye-coupled �lm was simply overlaid on 
the degenerative retinal tissue placed in the medium in a 
multielectrode array dish, an electroretinogram-like 
wave was elicited in response to light. The waveforms 
elicited by light via the dye-coupled �lm placed on the 
degenerative retinal tissue were somewhat similar to 
those observed in the normal retinal tissue.

It should be noted that the electroretinogram-like re-
sponse elicited in the degenerative retinal tissue had de-
layed latency of a few seconds to a few minutes after 
light was turned on. The response to light was reproduc-
ible after the light was turned off brie�y and then turned 
on again. The delayed latency was variable within the 
range of a few seconds to a few minutes. The delayed 
response might result from the position of the dye-cou-
pled �lm in relation to the degenerative retinal tissue. 
Since an anchor was not used to press the dye-coupled 
�lm in the former half of the present biological experi-
ment, the dye-coupled �lm was �oating on the degener-

ative tissue in the �uid, and electroretinogram-like re-
sponse would be elicited at the time when the dye-coupled 
�lm was positioned close enough to the retinal tissue in 
the �uid.

Otherwise, the delayed response might be attributed 
to the long-term absence of input stimulation in the de-
generative retinal tissue after loss of photoreceptor cells. 
As the duration of viability of isolated degenerative reti-

Fig. 5　  Long-range 120-second sequential recordings of ac-
tion potential spikes at two channels (Channel 35 in 
top 3 panels and Channel 53 in bottom 3 panels) of 
the MED64 system (Fig. 3 bottom). Degenerative 
retinal tissue from a 12 week-old retinal dystrophic 
RCS rat shows spontaneous action potential spikes 
as numerous small trivial amplitudes in the back-
ground noise but no response to �ashing light. A 
plain �lm placed on the degenerative retinal tissue 
with an anchor at top shows no change in response 
to �ashing light. A dye-coupled �lm placed on the 
degenerative retinal tissue with an anchor at top elic-
its action potential spikes with increased amplitude 
and frequency against the background of sponta-
neous spikes in response to �ashing light. Arrows in 
the third panel indicate the timing of �ashing light 
(in 1 second), which is the same for the top 3 panels 
and also for the bottom 3 panels.
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nal tissues in the dish was limited, it remains unknown 
how the latency of response to light changes after repeat 
stimulation with light-on-and-off. In the literature, elec-
trical stimulation of degenerative retinal tissue has been 
known to maintain retinal function in retinal dystrophic 
rats [21]. Based on this fact, input stimuli such as light in 
the present experiment might change the latency of the 
response after repeat stimulation by light.

It is also interesting to note that spontaneous waves 
observed in the degenerative retinal tissue on rare occa-
sions in continuous light condition showed amplitude in 
opposite direction compared with electroretinogram-like 
waves elicited by light in normal retinal tissue as well as 
in degenerative retinal tissue with the dye-coupled �lm. 
Amplitude in the opposite direction suggests that electric 
�ow in the tissue may be in opposite direction to the �ow 
in normal retinal tissue, which is from photoreceptors to 
retinal ganglion cells. The origin of this electric activity 
is supposed to be located in retinal ganglion cells, since 
ganglion cells in the degenerative retina are known to 
show spontaneous �ring [20]. In addition, surgical pro-
cedure to isolate retinal tissues induced damage that led 
to damage-related �ring in ganglion cells. As another 
possible origin of electric activity, spontaneous waves 
may be attributed to the activity of retinal Muller cells, 
since glial cells in better condition could survive longer 
compared with neurons in degenerative nervous tissues. 
Technically, in the present experiment, we waited until 
spontaneous �ring had subsided in the degenerative reti-
nal tissue before starting the measurement.

In the latter half of the present biological experi-
ment, action potential spikes were recorded with a high-
pass �lter at 100 Hz to obtain solid evidence of electric 
response in the degenerative retinal tissue. Closer con-
tact of the dye-coupled �lm with the degenerative retinal 
tissue and also with the recording multielectrode array 
was accomplished by compression from the top with a 
hexagonal nut anchor with nylon mesh. In this experi-
mental setting, the degenerative retinal tissue showed 
spontaneous action potential spikes as numerous small 
trivial amplitudes in the background noise [20]. When 
the dye-coupled �lm was placed on the degenerative ret-
inal tissue, action potential spikes with increased ampli-
tude and frequency against the background of sponta-
neous spike �ring were elicited by �ashing light.

Retinitis pigmentosa is a hereditary retinal dis-
ease [22, 23] causing blindness due to loss of photore-
ceptor cells, but with other retinal neurons intact [24]. A 
potential remedy for patients diagnosed with this disease 
is prostheses, replacing the non-functioning photorecep-
tor cells with arti�cial sensors, and making use of the 
remaining function of the intact neurons [25]. The pho-
toelectric dye-coupled polyethylene �lm (OURePTM) is 

designed to function as retinal prosthesis or arti�cial ret-
ina that replaces the function of dead photoreceptor cells 
in retinal dystrophy such as retinitis pigmentosa. In this 
study, we showed the proof of concept for the dye-cou-
pled �lm as retinal prosthesis, demonstrating that the 
dye-coupled �lm induces electric activity in dystrophic 
retinal tissue in vitro. In other words, electric potential 
changes, probably as displacement current or capacitive 
current, in response to light can stimulate neural tissue 
such as retinal tissue that has lost photoreceptor cells.

The mainstream of retinal prosthesis utilizes mul-
tielectrode array with wiring cables to output electric 
current to stimulate retinal neurons [25, 26]. To be free 
of cables, in other words, wireless, photovoltaic systems 
have been designed recently as retinal prosthesis [27, 
28]. One type of photovoltaic retinal prosthesis outputs 
electric current in response to pulsed illumination [27]. 
A second type of photovoltaic retinal prosthesis is com-
posed of organic conjugated polymers in semiconduc-
tor [28]. The photovoltaic system outputs conduction 
current, and thus shares the electric feature with mul-
tielectrode array system of retinal prosthesis. In contrast, 
the photoelectric dye-coupled �lm outputs electric po-
tential changes probably as displacement current or ca-
pacitive current. In the present study, electric potential 
changes generated in response to light on the dye-cou-
pled �lm surface were successfully measured by the Kel-
vin probe. The Kelvin probe system has been renovated 
with humidity control of the atmosphere to measure sur-
face electric potential of dye-coupled �lms reproducibly 
at a steady level [17, 18]. The slope-like trivial drift of 
baseline of electric potential in repeat episodes of light-
on-and-off would be attributed to the accumulation of 
static electricity on the dye-coupled �lm surface. The 
measurement by Kelvin probe is now further re�ned to 
stabilize the baseline of electric potential on the �lm sur-
face in repeat episodes of light stimulation.

The current study provides direct evidence for the 
ability of the photoelectric dye-coupled polyethylene 
�lm to elicit electroretinogram-like response in degener-
ative retina. In addition, the dye-coupled �lm induces 
action potential spikes in response to �ashing light in the 
background of spontaneous spikes. In our previous study, 
implantation of the photoelectric dye-coupled polyeth-
ylene �lm in retinal dystrophic RCS rats led to vision 
recovery in the behavior test [14, 29], and induced elect-
roretinographic and visual evoked potential respons-
es [29, 30]. We also showed that the amplitude of visual 
evoked potential, which was reduced by macular degen-
eration in monkey eyes, was recovered by subretinal 
dye-coupled �lm implantation [31]. The durability of 
dye-coupled �lms in the subretinal space of monkey eyes 
was assessed for half a year [31].
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The biological in vitro assessment of the dye-cou-
pled �lm as shown in the present study may be used as a 
method for quality management in the manufacturing 
process. Close contact of the dye-coupled �lm with the 
isolated degenerative retinal tissue was found to be re-
quired for action potential spike measurement in the 
present in vitro study, which is supported by the in vivo 
situation in which the dye-coupled �lm was closely at-
tached to the neural retina in monkey eyes, as evidenced 
by optical coherence tomography [31]. A technical prob-
lem in the present in vitro experiment was the projection 
of light from the bottom of the multielectrode array dish. 
The intensity of light was weakened through the light 
path, and the intensity of light at the level of the retinal 
tissue was not determined accurately.

The dye-coupled �lm has an additional merit as an 
implant in nervous tissue. A major problem at the 
brain-machine interface in the implantation of devices to 
nervous tissue is glial reaction that encapsulates the de-
vice and hence attenuates the electrical conductance 
from the device [32]. In our preceding study, the surface 
of polyethylene �lm was designed to avoid glial reac-
tion [33]. From the standpoint of minimizing the glial 
reaction, the dye-coupled �lm would be suitable for the 
interface between nervous tissue and the device.
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