
Polymer Journal (2021) 53:719–729
https://doi.org/10.1038/s41428-021-00468-0

ORIGINAL ARTICLE

Development and chemical properties of retinal prostheses using
photoelectric dyes coupled to polyethylene films with various
anions to achieve high durability

Koichiro Yamashita1 ● Tenu Tanaka1 ● Toshihiko Matsuo2
● Tetsuya Uchida 1

Received: 20 November 2020 / Revised: 12 January 2021 / Accepted: 12 January 2021 / Published online: 22 February 2021
© The Society of Polymer Science, Japan 2021

Abstract
Photoelectric dyes, which absorb light and generate electric potential, have been shown to stimulate retinal neurons.
Therefore, in the present work, a photoelectric dye was used to develop a retinal prosthesis to restore vision loss due to
diseases, such as retinitis pigmentosa. The retinal prosthesis, referred to as a dye-coupled film, was prepared by chemically
coupling the dyes to a polyethylene film surface. However, the amount of coupled dye decreased during an implantation test
in a monkey’s eye. The dye consisted of a cation with photoresponsivity and Br−. Because thermal stability can be improved
by anion exchange, we expected anion exchange to lead to stabilization of the chemical structure, resulting in improvement
of the long-term durability of a retinal prosthesis. Therefore, the effects of exchanging Br− anions for PF6

−, BF4
−, and bis

(trifluoromethanesulfonyl)imide (TFSI−) anions on the durability were investigated. The long-term durability of the dye-
coupled films was found to be strongly related to the thermal stability of the photoelectric dye. The long-term durability of
the dye-coupled film–PF6

− and dye-coupled film–TFSI− improved by 637 and 215%, respectively, compared with that of
the dye-coupled film–Br−.

Introduction

Photoelectric dyes absorb visible light because of their π-
conjugated structure and then convert photon energy into
electric potential. To take advantage of the light-to-
electricity conversion efficiency, researchers have incorpo-
rated photoelectric dyes into dye-sensitized solar cells
[1, 2]. Our previous studies have shown that a photoelectric
dye can not only effectively reduce neuronal apoptosis
[3, 4] but also stimulate retinal neurons [5].

The photoreceptor cells in the mammalian retina perceive
light and transduce it into a neuroelectric signal (Fig. 1).

Retinitis pigmentosa is a hereditary disease in which
degeneration of peripheral photoreceptors slowly progresses
and eventually leads to blindness due to macular involve-
ment [6–8]. Therefore, we developed a retinal prosthesis
that can provide electrical stimulation to living retinal tis-
sues in substitution of the photoreceptor cell layer. Because
photoelectric dyes cannot be implanted directly in the retina
as a consequence of their powdery nature, we used a thin
polyethylene (PE) film as a substrate. Carboxyl groups were
selectively introduced onto the PE film surface by etching
with fuming nitric acid [9, 10]. Finally, the photoelectric
dyes were coupled to the carboxyl groups through ethyle-
nediamine via a dehydration reaction. We optimized the
synthesis process, leading to the development of the
Okayama University-type retinal prosthesis (OUReP), i.e., a
dye-coupled film (Fig. 2a) [11–15].

In the USA, the Argus II retinal prosthesis system
(Second Sight Medical Products, Sylmar, CA, USA) has
been approved by the US Food and Drug Administration
[16–18]. In addition, the Retina Implant Alpha AMS (pre-
ceding the Alpha IMS, Retina Implant AG, Aachen, Ger-
many) has obtained the CE mark in the European market
[19–21]. These artificial devices utilize a multielectrode
array system. Patients with retinitis pigmentosa have been
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reported to perform significantly better with these systems
ON than with the systems OFF on all visual function tests
and functional vision tasks. However, these devices have
some disadvantages, including the need for an external
power source to generate the electrical current. In addition,
the surgical procedure used to implant these devices is
complex. By contrast, a dye-coupled film requires no
external power source because the dye molecules work
passively. Moreover, a minimally invasive injector has been
developed to implant the dye-coupled film safely and easily
into the subretinal space through vitreous surgery; this
method has been verified to work in rabbit eyes [22].

Regarding safety and effectiveness, various tests for medi-
cal devices have now been concluded [23–25], and the
OUReP setup has been found to exhibit no toxicity. In one
of the animal model studies, the vision of monkeys with
macular degeneration was restored when the dye-coupled
film was implanted into the monkey’s eye [26, 27]. How-
ever, the dye amount coupled to the film surface gradually
decreased in the monkey’s eye over a period of 5 months.
The purpose of the present study was to improve the long-
term durability of the dye-coupled film.

To improve the long-term durability of the dye-coupled
film, we focused on anion-exchange reactions. The

Fig. 1 The retina is organized
into three nuclear and two
plexiform layers. In normal
vision, light entering the eye
passes through the entire tissue
to reach the light-sensitive
photoreceptor cells, where it is
transduced into an electrical
signal. The signal is transferred
to the brain as visual information
via bipolar cells, horizontal
cells, amacrine cells, and
ganglion cells. Retinitis
pigmentosa is a disease in which
photoreceptor cells are gradually
degenerated, leading to
blindness. Applying a retinal
prosthesis that can stimulate
living retinal tissues in
substitution of the photoreceptor
cells is expected to restore vision
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Fig. 2 a Synthesis process and
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720 K. Yamashita et al.



photoelectric dye comprises a photoresponsive cation and a
bromide anion (Br−). Previous studies have shown that the
interaction energy between the cations and anions depends
on the nucleophilicity of the anion [28] and that the thermal
stability of the compound increases with decreasing
nucleophilicity of the anion [29–31]. In addition, wettability
can be controlled via anion exchange [30, 32, 33]. That is,
anion exchange is expected to lead to stabilization of the
chemical structure and a decrease in desorption of the
photoelectric dyes into a body fluid, resulting in improved
long-term durability. In addition, the anion-exchange reac-
tion is likely to improve the chemical properties of the dye-
coupled film without sacrificing the photoresponsivity of
the cation. In the present study, Br− anions were exchanged
with hexafluorophosphate (PF6

−), tetrafluoroborate (BF4
−),

and bis(trifluoromethanesulfonyl)imide (TFSI−) anions
(Fig. 2b). First, the thermal stability of the products was
evaluated by thermogravimetry and differential thermal
analysis (TG–DTA). However, because the photoelectric
dye coupled to the film surface is small, the degradation
behavior of the dye-coupled film depends on the PE film
substrate. Thus, the thermal stability of the photoelectric
dye was evaluated to investigate the effect of the anion-
exchange reactions on its thermal stability. The dye-coupled
films were subsequently subjected to elemental analysis to
determine the extent of the anion-exchange reaction. The
photoresponsivity and wettability of the dye-coupled films
were also evaluated. Finally, the dye amount coupled to the
film surface before and after an implantation test in the
monkey’s eyes was quantitatively evaluated. To compare
the long-term durability of the dye-coupled films on the
basis of the change in dye amount during the implantation
test, the films were allowed to stand in phosphate-buffered
saline (PBS) under conditions similar to those of the in vivo
environment. Correlations between the long-term durability
and other properties, such as thermal stability, anion-
exchange rate, and wettability, were investigated.

Experimental procedure

Preparation and characterization of the
photoelectric dyes

Photoelectric dye (2-[2-[4-(dibutylamino)phenyl]ethenyl]-
3-carboxymethylbenzothiazolium)–Br−, photoelectric dye–
TFSI−, and photoelectric dye–PF6

− were kindly provided
by Hayashibara (Okayama, Japan). The dye–TFSI− and
dye–PF6

− were prepared from the dye–Br− via an anion-
exchange reaction. The photoelectric dye–BF4

− was pre-
pared by reacting the dye–Br− (20 mg, 4.0 × 10−5 mol) and
lithium tetrafluoroborate (LiBF4, 375.0 mg, 4.0 × 10−3 mol)
in methanol (5 mL) at room temperature for 7 days.

Elemental analysis was performed using a scanning
electron microscope (JEOL JSM-IT100) equipped with an
energy-dispersive X-ray spectroscopy (EDX) apparatus. The
acceleration voltage was 15 keV. The anion-exchange rates
were calculated by the ZAF correction method. Prior to
analysis by scanning electron microscopy, the samples were
coated with Au using an ion coater (IB-3, Eiko). TG–DTA
was performed using a Rigaku Thermo Plus TG-8120
apparatus at a heating rate of 3 °Cmin−1 from 50 to 250 °C.
N2 was used as the purge gas at a flow rate of 100 mLmin−1.

Preparation and characterization of the dye-coupled
films

Preparation of the dye-coupled film–Br−

Here, we provide a short description of the preparation of
the dye-coupled film–Br−. Further details are provided
elsewhere [34].

High-density PE powder (30 mg, Mw= 1.5 × 105) was
pressed at 160 °C using a vacuum heating press (IMC-11FD,
Imoto Machinery Co.), followed by quenching at 0 °C to
prepare the PE film (thickness: 30 ± 5 μm). The PE film was
immersed in fuming nitric acid (100mL) at 80 °C for 14min
and then washed with ultrapure water (Direct-Q 3 UV, Merck
Millipore) until the pH of the water was neutral. The film
treated with the fuming nitric acid was immersed in chlor-
obenzene (75 mL) containing ethylenediamine (2.6 μL, 4.0 ×
10−5 mol) and N,N′-dicyclohexylcarbodiimide (DCC,
8.25mg, 4.0 × 10−5 mol) at 35 °C for 48 h. The diamine-
modified film was washed with chlorobenzene. The photo-
electric dye–Br− (20 mg, 4.0 × 10−5 mol) and DCC (8.25 mg,
4.0 × 10−5 mol) were added to chlorobenzene (75 mL), and
the dye–Br− was dispersed by ultrasonic irradiation for 30
min. The diamine-modified film was immersed in the dye
solution at 35 °C for 48 h. Finally, the dye-coupled film–Br−

was washed with chlorobenzene and ultrapure water.
Confirmation of the PE film’s chemical modification of

the dye-coupled film with infrared measurements can be
found in Supplementary Information.

Preparation of the anion-exchanged (AE) dye-coupled films

AE dye-coupled films were prepared using AE photoelectric
dyes in the same manner as described in the “Preparation of
the dye-coupled film–Br−” section. However, the dye
amounts coupled to the film surfaces decreased with
increasing anion molecular size. In particular, the dye–TFSI−

was hardly connected to the film surface. As another
approach, AE dye-coupled films were prepared by subjecting
dye-coupled film–Br− to anion exchange. Lithium bis(tri-
fluoromethanesulfonyl)imide (1.0M) was added to acetoni-
trile. The dye-coupled film–Br− was immersed in the solution
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and reacted in a water bath at 50 °C in a dark environment for
3 days. After the reaction, the film was washed with methanol
and dried. The dye-coupled film–PF6

− and dye-coupled
film–BF4

− were prepared using lithium hexafluorophosphate
(1.0M) and LiBF4 (1.0M), respectively, in the same manner
as previously described.

Characterization

Elemental analysis of the dye-coupled films was performed
in the same manner as that of the photoelectric dyes.

The light-induced electrical potentials of the dye-coupled
films were measured with a scanning Kelvin probe system
(SKP5050, KP Technology, Ltd., Highlands and Islands,
UK) [34–36]. The entire measurement system was placed in
a humidity-controlled box. The intensity of light was con-
trolled by using a surface photovoltage spectroscopy mod-
ule (SPS040, KP Technology). The intensity of incident
light was increased from 0 to 5000 arbitrary units (arb.
units) in steps of 100 arb. units as the change in surface
electrical potential was recorded. Independently, a light
intensity of 2500 arb. units was found to be equal to 300 lux
through the use of a photometer; 300 lux is the recom-
mended level of light for a classroom.

The contact angle values of a water droplet on the dye-
coupled films were measured using a contact angle meter
(CA-D, Kyowa Interface Science, Japan) at room tem-
perature (20 ± 5 °C) and at a relative humidity of 50 ± 5%.

The absorbance spectra of the dye-coupled films were
recorded using an ultraviolet–visible (UV–vis) spectro-
photometer with an integrating sphere unit (V-750 and PIV-
756, JASCO Corp., Tokyo, Japan). The absorbance spectra
were measured in the wavelength range from 300 to 800
nm. The maximum absorbance value was used to quanti-
tatively compare the dye amounts on the films.

Durability test

The absorbance spectra of the dye-coupled film–Br− before
and after the implantation test in the monkey’s eye were
measured using a UV–vis spectrophotometer. The dye-
coupled film–Br− after the implantation test was washed
with a PBS solution (pH 7.2, containing 0.90 w/v% NaCl)
until the light absorption derived from the photoelectric
dyes disappeared. The film was used as its baseline spec-
trum. The residual rate of dye amount after the implantation
test was calculated as

Residual rate of dye amount %½ �

¼ Absorbance value after the implantation test½��
Absorbance value before the implantation test½�� � 100

ð1Þ

To evaluate the long-term durability of the dye-coupled
film in vitro and within a short period of time, we estab-
lished an accelerated aging durability test. Details of the
durability test are provided in Supplementary Information.
A summary of the results that we clarified to establish the
accelerated aging durability test is described in the follow-
ing. Residual rates of dye amount during the durability tests
were calculated as

Residual rate of dye amount %½ �

¼ Absorbance value after standing in PBS½��
Absorbance value at 0th day½�� � 100

ð2Þ

The residual rate of the dye-coupled films–Br− having
different initial absorbances similarly decreased in PBS at
35 °C, irrespective of the initial absorbance. In addition, the
residual rate after implantation in the monkey’s eye for
5 months corresponded to that after the films were allowed
to stand in PBS at 35 °C for 5 months. Moreover, the
temporal change in the residual rate over a period of
5 months in PBS at 35 °C could be reproduced by allowing
films to stand for 5 days in PBS at 60 °C. These results
demonstrate that the long-term durability of the dye-coupled
film in PBS at 60 °C can be evaluated based on the
implantation test without using animal subjects and within a
short period of time.

Each dye-coupled film was placed in a sample tube with
PBS, and each tube was subsequently placed in a water bath
at 60 °C and allowed to stand in a dark environment until
the photoelectric dye no longer absorbed light. The absor-
bance measurements were performed every day or every
few days. The absorbance spectra on the last day of the
durability tests were used as the baselines. Temporal
changes in the residual rates of dye amount between the
durability tests and the implantation test were compared.

Results and discussion

Chemical properties of the photoelectric dyes

The results of the elemental analysis of the photoelectric
dyes are shown in Fig. 3. Br is the characteristic element of
dye–Br−, and F is the characteristic element of dye–TFSI−,
dye–PF6

−, and dye–BF4
−. P is also a characteristic element

of dye–PF6
−. The Kα lines of C, N, O, F, P, and S were

expected to appear in the EDX spectra at ~0.277, 0.392,
0.525, 0.677, 2.013, and 2.307 keV, respectively. In addi-
tion, the peak derived from the Lα line of Br should be
observed at ~1.48 keV [37]. In the EDX spectrum of
dye–Br−, no peak derived from the Kα line of F was
observed, and a peak derived from the Lα line of Br
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appeared. The peak derived from the Kα line of F was
obtained from dye–TFSI−, dye–PF6

−, and dye–BF4
−. The

peak derived from the Kα line of P was also obtained from
the dye–PF6

−. Therefore, all of the characteristic elements
of each dye were confirmed. Because no Br peak appears in
the spectra of dye–TFSI−, dye–PF6

−, and dye–BF4
−, the

exchange rate of Br− for TFSI−, PF6
−, or BF4

− was esti-
mated to be 100%. These results demonstrate that this
method could be used to confirm the occurrence of anion
exchange in dye-coupled films.

Next, we evaluated the thermal stability of the photo-
electric dyes. The results of the thermogravimetric analysis
(TGA) and DTA of the dyes are shown in Fig. 4a, b. As
shown in Fig. 4a, the thermal stability mainly depends on
the structure of the cation, and all of the dyes began to
decompose at temperatures less than 200 °C. The tempera-
ture at which weight loss began decreases in the order of
TFSI− > PF6

−= Br− > BF4
−. The DTA thermograms in

Fig. 4b show endothermic peaks of dye–TFSI−, dye–PF6
−,

dye–Br−, and dye–BF4
− at 184, 178, 176, and 123 °C,

respectively. The aforementioned results indicate that
dye–TFSI− exhibited the greatest thermal stability, whereas
dye–BF4

− exhibited the lowest stability. The dye–PF6
− was

slightly more stable than the dye–Br−. The hydrogen bond
strength between an anion and an imidazolium cation (i.e.,
nucleophilicity) has been reported to become weak in the
order of Br− > BF4

− > PF6
− > TFSI− [28]. Lower nucleo-

philicity could lead to improved thermal stability. We
observed a correlation between the thermal stability of dyes
prepared by the anion-exchange reaction and the nucleo-
philicity of anions. However, the dye–Br− was not applic-
able to the correlation. Anion exchange of Br− with BF4

−,
PF6

−, and TFSI− strongly influenced the thermal stability of

the dye, which demonstrates that the thermal stability can be
controlled by exchanging anions. The “Long-term dur-
ability of the dye-coupled films” section details our inves-
tigation of whether a correlation exists between the thermal
stability of the photoelectric dyes and the long-term dur-
ability of the corresponding dye-coupled films.

Chemical properties of the dye-coupled films

As mentioned in the “Preparation of the anion-exchanged
(AE) dye-coupled films” section because the AE photo-
electric dye was difficult to couple to films because of the
steric hindrance of its anion, AE dye-coupled films were
prepared via anion exchange of the dye-coupled film–Br−.

To investigate the occurrence of anion exchange and the
exchange rate, the dye-coupled films were characterized by
elemental analysis; the results are shown in Fig. 5. The
EDX spectrum of the dye-coupled film–Br− shows no peak
derived from the Kα line of F, and the peak derived from
the Lα line of Br appeared at ~1.48 keV. The peak derived
from the Kα line of F was observed at ~0.677 keV in the
spectra of the dye-coupled film–TFSI−, dye-coupled film–

Fig. 4 Influence of anions on the thermal stability of photoelectric
dyes. a TGA curves and b DTA curves of the photoelectric dye–TFSI−

(blue line), photoelectric dye–PF6
− (green line), photoelectric dye–Br−

(red line), and photoelectric dye–BF4
− (yellow line). The temperatures

indicate endothermic peaks

Fig. 3 Elemental analyses of the photoelectric dye–Br− (red line),
photoelectric dye–TFSI− (blue line), photoelectric dye–BF4

− (yellow
line), and photoelectric dye–PF6

− (green line). The elements indicate
the characteristic X-rays derived from elements of which each pho-
toelectric dye consists. Au appeared because of the ion coating
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BF4
−, and dye-coupled film–PF6

−. Therefore, we confirmed
that anion-exchange occurred. However, because Br was
also detected in the AE dye-coupled films, the Br− anions
were not completely exchanged. The exchange rates
between Br− and TFSI−, BF4

−, and PF6
− were estimated to

be 30.4, 55.6, and 57.9%, respectively. The exchange rate
mainly depends on the steric hindrance of anions; thus,
TFSI−, which exhibited the largest molecular size among
the exchanged anions, exhibited the lowest exchange rate.

For the photoelectric dye elemental analysis, high-
concentration samples were used to observe the dyes’
characteristic X-ray peaks. However, the dye amount cou-
pled to the film is small because the fuming nitric acid
selectively etches the film surface. Then, carboxylic acid
groups were introduced only to the film surface. Thus, the
peak intensities of the dye-coupled film are lower than those
of the photoelectric dye. As shown in the EDX spectrum of
the photoelectric dye–Br− in Fig. 5b, the N- and S-derived
peak intensities are 34 and 59% compared with the Br-
derived peak intensity, respectively. Since it is assumed that
the N- and S-derived peak intensities of the dye-coupled
film–Br− have close percentage values of the Br-derived
peak intensity, their intensities could overlap or be hidden
by the continuous X-ray spectrum. Ethylenediamine with N
was used to couple the dyes to the film surface. Although
the N-derived peak increased because of the dyes and amide
bonds and was slightly observed, the peak of S derived from
the dye did not appear.

Next, we investigated the photoresponsivity of the dye-
coupled films. The light-intensity dependence character-
istics of the light-induced electrical potential on the dye-
coupled films are shown in Fig. 6. All the dye-coupled films
exhibited photoresponsivity. The electrical potential was
dependent on the light intensity and increased as the light

became brighter. That is, the anion-exchange method
enabled Br− anions to be substituted with other anions
without loss of the photoresponsivity of the cation. Retinal
photoreceptor cells in a mouse have been previously shown
to exhibit a change in membrane potential on the order of
tens of millivolts in response to external light stimulus [38].
The surface electrical potential was ~100 mV at 2500 arb.
units (300 lux), which is the recommended light level for
classrooms. Therefore, the change in electric potential is
approximately the same magnitude as that typically induced
from mouse photoreceptors.

The wettability of the dye-coupled films was also eval-
uated. The water contact angle of the dye-coupled film–Br−

was 83.1°. The contact angles of the dye-coupled film–TFSI−

and dye-coupled film–BF4
− were 91.2° and 90.0°, respec-

tively. These results show that the water contact angle of the
AE dye-coupled films was greater than that of the dye-
coupled film–Br−. Among the AE dye-coupled films, the dye-
coupled film–PF6

− exhibited the lowest contact angle (76.5°).
Both maximal protein adsorption and maximal cell adhesion
have been previously observed to occur on various polymeric
substrate surfaces with water contact angles of 60°–80° [39].
Therefore, we reasonably expected the dye-coupled film–Br−

and dye-coupled film–PF6
− to exhibit better biological com-

patibility than the other prepared films.

Long-term durability of the dye-coupled films

To obtain a standard value based on the animal model study
for comparing the long-term durability of the dye-coupled
films, the dye amount on the dye-coupled film–Br− before
and after the implantation test in the monkey’s eyes for
5 months was quantitatively evaluated. The absorbance
spectra of the dye-coupled film–Br− before and after the

Fig. 5 a Elemental analyses of dye-coupled film–Br− (red line), dye-
coupled film–TFSI− (blue line), dye-coupled film–BF4

− (yellow line),
and dye-coupled film–PF6

− (green line). The elements indicate the
characteristic X-rays derived from elements composing each dye-

coupled film. Au appeared because of the ion coating. The intensity is
arbitrary units. b Comparison of the elemental analyses between the
photoelectric dye–Br− (black line) and the dye-coupled film–Br− (gray
line). The intensity is the same scale
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implantation test are shown in Fig. 7. Because the color of
the dye-coupled film–Br− is red, it absorbs in the green
wavelength region (495–570 nm) because this is the com-
plementary color. The maximum absorbance value was
used to compare the dye amount coupled to the film surface.
The maximum values of the dye-coupled film–Br− before
and after the implantation test were 0.081 [−] and 0.018
[−], respectively. The residual rate of dye amount after the
implantation test calculated using Eq. (1) was 22.7%, which
was used as the standard value.

Figure 8 shows the temporal changes in the absorbance
spectrum of the dye-coupled films during the durability test
in PBS at 60 °C. As shown in Fig. 8a, the spectrum of the
dye-coupled film–Br− shows an absorbance peak at 500 nm.
The absorbance decreased, and the wavelength of the
maximum absorption shifted to 550 nm with increasing time
during the durability test. In the spectra of the dye-coupled

film–TFSI− (Fig. 8b), the wavelength shifted from 500 to
480 nm, and the absorbance decreased from 0.092 [−] to
0.078 [−] during the anion-exchange reaction. Its residual
dye amount was 84.5%. Subsequently, the wavelength
shifted back to 520 nm after the specimen was allowed to
stand in PBS at 60 °C for 1 day. We speculated that the peak
shifted toward shorter wavelengths because of excess TFSI
− anions remaining on the film surface and then shifted back
when the TFSI− anions were washed out. The decrease in
absorbance was thereafter the same as that of the dye-
coupled film–Br−. In the case of the dye-coupled film–PF6

−

(Fig. 8c), the light absorption of the dye-coupled film–Br−

(solid black line) was separated into two peaks at 450 and
550 nm (solid red line) by the anion-exchange reaction, and
the absorbance decreased from 0.088 [−] (500 nm) to 0.047
[−] (450 nm) and 0.035 [−] (550 nm). The total absorbance
value at 450 and 550 nm was 0.082 [−], which is
approximately the same as the absorbance before the anion-
exchange reaction. In addition, the residual dye amount was
92.2%. The ratio between the absorbances after the anion-
exchange reaction was 57.1% at 450 nm and 42.9% at 550
nm. The elemental analysis of the dye-coupled film–PF6

−

shows that the ratios of PF6
− and Br− were 57.9% and

42.1%, respectively. Therefore, the light absorptions at 450
and 550 nm are derived from dye–PF6

− and dye–Br−,
respectively. As shown in Fig. 8a, because the wavelength
of the dye-coupled film–Br− shifted from 500 to 550 nm as
the absorbance decreased, the light absorption derived from
the dye–Br− of the dye-coupled film–PF6

− appeared at
~550 nm. The total absorbance at 450 and 550 nm was used
to calculate the residual rate of the dye amount. As shown in
Fig. 8d, the spectrum of the dye-coupled film–BF4

− shows
broad light absorption after the anion-exchange reaction,

Fig. 7 Absorbance spectra of the dye-coupled film–Br− before (solid
line) and after (dashed line) the implantation test in the monkey’s eyes
for 5 months. The peak absorbance value and its wavelength
are shown

Fig. 6 Light-intensity
dependence on the light-induced
surface electrical potential of a
the dye-coupled film–Br−, b the
dye-coupled film–TFSI−, c the
dye-coupled film–PF6

−, and d
the dye-coupled film–BF4

−.
Changes in the surface electrical
potential at 2500 and 5000 arb.
units are shown in the tables
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and the wavelength at peak absorbance did not change. As
observed for the dye-coupled film–Br−, the absorbance of
the dye-coupled film–BF4

− subsequently decreased. In
addition, the absorbance decreased from 0.093 [−] to 0.064
[−], and the residual dye amount was 68.6%. The residual

dye amount after the anion-exchange reaction decreased in
the order of PF6

− > TFSI− > BF4
−.

Figure 9 shows a comparison of the durability of all of the
dye-coupled films. The plots represent temporal changes in
the residual rates of dye amount calculated using Eq. (2). The

Fig. 9 Comparison of durability
tests between the dye-coupled
film–Br− (red circles), dye-
coupled film–TFSI− (blue
circles), dye-coupled film–PF6

−

(green circles), and dye-coupled
film–BF4

− (yellow circles).
Temporal changes in the
residual rates of the dye amount
on the dye-coupled films are
shown. Black dots represent the
residual rates of dye amount
before and after the implantation
test in the monkey’s eyes for
5 months. The dashed
exponential curves represent
linear approximations of the
temporal changes in the
residual rates

Fig. 8 Temporal change in absorbance spectrum of a the dye-coupled
film–Br−, b the dye-coupled film–TFSI−, c the dye-coupled film–PF6

−,
and d the dye-coupled film–BF4

−. Solid black lines represent the

absorbance of the dye-coupled film–Br−. Solid red lines represent the
anion-exchanged dye-coupled films, and the durability tests started
from the 0th day
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peak absorbance value on the 0th day (solid red line in Fig. 8)
was taken as the residual rate of 100%. The dashed expo-
nential curves represent linear approximations of the tem-
poral changes in the residual rates. Light absorption derived
from the photoelectric dyes of dye-coupled film–BF4

−, dye-
coupled film–Br−, dye-coupled film–TFSI−, and dye-
coupled film–PF6

− eventually disappeared at days 7, 15,
39, and 84, respectively. In addition, the residual rate of the
dye amount of dye-coupled film–Br− implanted in the
monkey’s eye for 5 months was 22.7%. The residual rates
of dye amount of dye-coupled film–BF4

−, dye-coupled
film–Br−, dye-coupled film–TFSI−, and dye-coupled
film–PF6

− reached ~22.7% at days 3, 5, 13, and 42,
respectively. Subsequently, the half decay periods were cal-
culated using approximate equations shown in Table S2 of
Supplementary Information. The half decay periods of the
dye-coupled film–BF4

−, dye-coupled film–Br−, dye-coupled
film–TFSI−, and dye-coupled film–PF6

− were 1.1, 2.4, 5.1,
and 15.1 days, respectively. On the basis of the half decay
period, the long-term durability of dye-coupled film–PF6

−

and dye-coupled film–TFSI− was improved by 637 and
215%, respectively, compared with that of dye-coupled
film–Br−. However, the durability of dye-coupled film–BF4

−

decreased to 48%. From the aforementioned results, dye-
coupled film–PF6

− was found to exhibit the best long-term
durability.

Table 1 presents a summary of the results of the chemical
properties of the dye-coupled films. The thermal stability of
the dye–PF6

− and dye–TFSI− increased because of the
lower nucleophilicity of the anions that led to an improve-
ment of the long-term durability of the dye-coupled
film–PF6

− and dye-coupled film–TFSI−. However, the
exchange rate between Br− and TFSI− did not increase
because of the steric hindrance of TFSI−; thus, the effect of
TFSI− on the long-term durability was not substantial. In
addition, repeating the anion-exchange reaction to increase

the exchange rate was difficult because the dye amount
coupled to the film decreased during the reaction. In the
case of a compound whose anion-exchange rate is not
limited by steric hindrance, its long-term durability could
presumably be improved in proportion to the thermal sta-
bility of the anion. In addition, because the dye-coupled
film–PF6

− was the most hydrophilic, the dyes with PF6
−

would be expected to easily desorb into PBS. However,
because the durability of dye-coupled film–PF6

− was the
highest, we found no correlation between the wettability
and the long-term durability.

Conclusion

By carrying out the implantation test in the monkey’s eyes
for 5 months, we clarified that the dye amount on the dye-
coupled film–Br− gradually decreased. To improve the
long-term durability of dye-coupled film–Br−, we con-
ducted anion-exchange reactions from Br− to TFSI−, PF6

−,
and BF4

−. Before the anion-exchange process was applied
to the dye-coupled film–Br−, the thermal stability of pho-
toelectric dyes with Br−, TFSI−, PF6

−, and BF4
− anions

was investigated. The thermal stability of the photoelectric
dye was found to increase with decreasing nucleophilicity
of the anion. Next, the correlation between the long-term
durability and the other chemical properties was investi-
gated for the dye-coupled films with Br−, TFSI−, PF6

−, and
BF4

−. Although the wettability of the dye-coupled films
was controlled by anion exchange, no correlation was
observed between the wettability and the long-term dur-
ability. However, the long-term durability of the dye-
coupled films was strongly related to the thermal stability of
the photoelectric dyes. As a result, the long-term durability
values of the dye-coupled film–PF6

−, dye-coupled
film–TFSI−, and dye-coupled film–BF4

− were improved
by 637, 215, and 48% compared with that of the dye-
coupled film–Br−, respectively. The dye-coupled film–PF6

−

exhibits photoresponsivity, wettability suitable for biologi-
cal compatibility, and the best long-term durability among
the investigated materials, indicating that it is suitable for
the development of a next-generation retinal prosthesis.
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Table 1 Summary of the chemical properties

Thermal stability

High TFSI− PF6
− Br− BF4

− Low

184 °C 178 °C 176 °C 123 °C

Residual rate of dye amount after anion-exchange reaction

High PF6
− TFSI− BF4

− Low

92.2% 84.5% 68.6%

Anion-exchange rate

High PF6
− BF4

− TFSI− Low

57.9% 55.6% 30.4%

Wettability

Hydrophobic TFSI− BF4
− Br− PF6

− Hydrophilic

91.2° 90.0° 83.1° 76.5°

Long-term durability

High PF6
− TFSI− Br− BF4

− Low

637% 215% 100% 48%
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