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ABSTRACT: The deficiency of dopamine (DA) is clinically linked to several |Light o]
neurological diseases. The detection of urinary DA provides a noninvasive method
for diagnosing these diseases and monitoring therapies. In this paper, we report the
coassembly of lithocholic acid (LCA) and 3,3’-diethythiadicarbocyanine iodide
(DiSC,(S)) at the equimolar ratio in ammonia solution into J-aggregate
nanotubes. By integrating the J-aggregate nanotubes into transparent agarose [ o2
hydrogel films formed on the wall of quartz cuvettes, we fabricate a portable and

reproducible sensor platform for the optical detection of DA in synthetic urine. — o
The J-band intensity of the integrated J-aggregate nanotubes is found to linearly

decrease with the increase of DA concentrations from 10 to 80 nM, giving the limit

of detection of ~7 nM. The detection mechanism is based on the photoinduced electron transfer (PET) from the excited J-aggregate
nanotubes to adsorbed DA-quinone. The PET process used in the sensor platform can reduce the interference of ascorbic acid and
uric acid in the detection of DA in synthetic urine. The high sensitivity of the sensor platform is contributed by the delocalized
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exciton of J-aggregate nanotubes.

B INTRODUCTION

Dopamine (DA) is a neurotransmitter, which is critical for the
function of central nervous systems such as movement,
memory, and reward regulations." The deficiency of DA has
been implicated in nervous system diseases. Due to the
importance of DA in central nervous systems, there has been
great interest in developing sensitive methods to detect DA in
vivo/in vitro with the goal of diagnosing nervous system
diseases or monitoring therapies. Electrochemical analysis,”~°
enzyme-linked immunosorbent assay,” electrophoresis,” and
chromatography'® are commonly used for the detection of DA
in biological fluids. However, these analytical methods need
expensive enzymes, multistep reactions, and specialized
instruments. Recently, colorimetric sensors based on inorganic
nanoparticles have been developed for the sensitive and
selective detection of DA in an aqueous solution and biological
fluids."'~"* The advantage of the colorimetric sensors includes
low cost, rapid detection, and high sensitivity.

Photoinduced electron transfer (PET) is a common
approach in the synthesis of colorimetric and fluorometric
probes.'® Thus, a possible method of improving the perform-
ance of optical sensors is to design highly efficient PET probes.
J-aggregates represent an ordered structure formed by the
head-to-tail staircase arrangement of dyes.”'® The strong
interaction of transition dipole moments in J-aggregates can
lead to the formation of new electronic excitations. The
delocalized excitation of J-aggregates favors highly efficient
PET processes.”*° Due to the remarkable optical and
transport properties, J-aggregates have shown promise as an
optical probe in bioimaging’'~** and biosensing.”*** Pre-
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viously, we showed that J-aggregate nanotubes from the
coassembly of lithocholic acid (LCA) and 3,3'-dipropylth-
iadicarbocyanine iodide (DiSC5(5)) with an equimolar ratio
could serve as an efficient PET supramolecular probe for the
sensitive and selective detection of DA in a PBS solution in the
presence of ascorbic acid (AA) and uric acid (UA).*°

However, one of the challenges of using J-aggregate
nanotubes as optical probes for the detection of biological
species in biological fluids is their diffusion and sedimentation
over time, which may lead to a discrepancy in the detection.
Polymer hydrogels are a three-dimensional cross-linked
network system, which is able to immobilize colloid particles,
but permeable for small molecules.”” In this paper, we formed
J-aggregate nanotubes by the coassembly of lithocholic acid
(LCA) and 3,3'-diethythiadicarbocyanine iodide (DiSC,(5))
at the equimolar ratio in ammonia solution and then integrated
them into transparent agarose hydrogel films, forming a simple
and portable sensor platform for the optical detection of DA in
synthetic urine, in which the features of both agarose hydrogels
and J-aggregate nanotubes were synergized (Figure 1).
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Figure 1. Chemical structure of 3,3'-diethylthiadicarbocyanine iodide (DiSC,(S)) (a) and lithocholic acid (LCA) (b). Schematic illustration of J-
aggregate nanotubes (c) and J-aggregate nanotube-integrated agarose hydrogel films with the photoinduced electron transfer from the J-aggregate

nanotubes to adsorbed dopamine (d).
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Figure 2. (a) Adsorption spectrum of the LCA/DiSC,(S) solution formed by dissolving 1 mM LCA and 1 mM DiSC,(S) in 1% ammonia solution,
together with the adsorption spectrum of 1 mM DiSC,(S) in methanol. (b) Optical microscopy image of coassembled J-aggregate spherulites in 1%
ammonia solution. Polarizing optical microscopy image of a J-aggregate spherulite is inserted in (b).
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Figure 3. (a) Adsorption spectrum of the LCA/DiSC,(S5) solution formed by dissolving 1 mM LCA and 1 mM DiSC,(5) in 30% ammonia
solution, together with the adsorption spectrum of 1 mM DiSC,(S) in methanol. (b) Optical microscopy and (c) TEM images of coassembled J-
aggregate nanotubes formed at the mixed LCA/DiSC,(S) molar ratio of 1:1 in 30% ammonia solution.

B RESULTS AND DISCUSSION

Preparation and Characterization of J-Aggregate
Nanotubes. The structures of DiSC,(5) and LCA are
shown in Figure lab, respectively. LCA contains a steroid
backbone and a carboxyl group linked to the steroid backbone
with a short alkyl chain. The critical micelle concentration
(CMC) of LCA in an aqueous solution is ~0.9 mM.”
DiSC,(5) consists of two nitrogen centers, one of which is
positively charged. They are linked by a polymethine chain.
DiSC,(S) monomers in methanol showed an absorption band
at 647 nm (Figure 2a). In the presence of 1 mM LCA, 1 mM
DiSC,(5) formed J-aggregates with a J-band at 711 nm in 1%
ammonia solution. The J-band was shifted by 64 nm with
respect to the monomer band of DiSC,(5). The J-aggregates
from the coassembly of DiSC,(5) and LCA at the equimolar
ratio showed a spherulitic morphology (Figure 2b). The
presence of DiSC,(S) in the fibers surrounding the core of the
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spherulite was evident from the blue color. Under a polarizing
optical microscopy, the Maltese-cross extinction pattern of
spherulitic J-aggregates was observed (see the inset in Figure
2b), suggesting the ordering of the J-aggregate fibers. The
spherulitic J-aggregates were unstable and easily broken by
brief sonication (Figure Sla).

The solubility of cyanine dyes in ammonia solution can be
increased by increasing ammonia concentrations.”” In 30%
ammonia solution, 1 mM DiSC,(5) formed J-aggregates with a
relatively broad absorbance with the maximum at 740 nm in
the presence of 1 mM LCA (Figure 3a). The J-aggregates
showed a tubular morphology with blue color (Figure 3b). The
hollowness of the J-aggregate nanotubes was evident in the
transmission electron microscopy (TEM) image shown in
Figure 3c. It was also clear in the TEM image that the J-
aggregate nanotubes were polydisperse with the diameters
from 80 to 240 nm, which were much larger than that formed
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from the coassembly of LCA and DiSC5(S) with an equimolar
ratio in the NaOH aqueous solution. The pK, value of LCA in
the aqueous solution is ~7.0. In 30% ammonia solution with
pH 13, LCA was ionized. Ionized LCA could self-assemble into
nanotubes in ammonia solution.®® It was reported that
hydrophobic molecules could be capsulated in the hydro-
phobic cavity of bile acid micelles.”’ In our experiments, the
concentration of LCA was higher than its CMC. Thus, we
could assume that DiSC,(5) molecules were first capsulated in
LCA micelles through the coassembly. The mixed micelles
then assembled into nanotubes, in which DiSC,(5) formed J-
aggregates in the wall of the nanotubes. To verify the
assumption, we studied the aggregation behavior of 1 mM
DiSC,(5) in the presence of 0.5 mM LCA in 30% ammonia
solution, in which the concentration of LCA was lower than its
CMC. In this case, DiSC,(5) formed H-aggregates with the H-
band at 448 nm (Figure S2), which agrees with the H-band of
H-aggregates of DiSC,(S) formed in 30% ammonia solution
without the presence of LCA. This result suggests that LCA is
unable to serve as a direct agent when its concentration is
lower than CMC. We noted that J-aggregates could be formed
by the coassembly of 1 mM LCA and 0.2 mM DiSC,(S) in
30% ammonia solution (Figure S3a). The absorbance of the J-
aggregate from the coassembly of 1 mM LCA and 0.2 mM
DiSC,(5) was slightly wider than that from the coassembly of
1 mM LCA and 1 mM DiSC,(S). Blue color J-aggregate
nanotubes were visible in the optical microscopy image shown
in Figure S3b. The diameter of J-aggregate nanotubes was in
the range from 120 to 550 nm (Figure S3c). Partially broken J-
aggregate nanotubes were occasionally observed (Figure S3d),
which confirmed their hollowness.

Fabrication of J-Aggregate Nanotube-Integrated
Hydrogel Films. Agarose was reported to form transparent
and neutral hydrogels in the aqueous solution through
hydrogen bonding.>* The pore size of agarose hydrogels was
found in the range from 50 to 100 nm.>’ Using a horizontally
placed quartz cuvette as a mold, we formed a J-aggregate
nanotube-integrated hydrogel film on the wall of the cuvette.
The hydrogel film was able to adhere on the wall of the quartz
cuvette even after the addition of synthetic urine (Figure 4a),
providing a simple and portable sensor platform, in which the
sedimentation of J-aggregate nanotubes was limited by the
hydrogel network, but DA could diffuse into the hydrogel film
and reach to the J-aggregate nanotubes. The J-aggregate
nanotube-integrated hydrogel film could also be taken out
from the quartz cuvette (Figure 4b). The blue color J-
aggregate nanotubes integrated into the hydrogel films were
clearly visible in the optical microscopy image shown in Figure
4c. They showed the expected shape and size distributions.
The viscoelastic properties of agarose hydrogel films with/
without J-aggregate nanotubes were characterized. The storage
modulus (G’) of J-aggregate nanotube-integrated hydrogel
films was about 10 times higher than their loss modulus (G")
(Figure 4d). It is also clear in Figure 4d that the G’ of agarose
hydrogel films with J-aggregate nanotubes was higher than that
of pure agarose hydrogel films, suggesting that the integration
of J-aggregate nanotubes restrained the movement of agarose
chains in the hydrogel network.

Sensitivity for Dopamine Detection. The analysis of
urinary DA is a noninvasive method for diagnosing nervous
system diseases and evaluating the effectiveness of treat-
ments.”* Synthetic urine is often used to mimic the
characteristics of urine. In our experiments, 1 mL of diluted
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Figure 4. Photography images of J-aggregate nanotube-integrated
agarose hydrogel films before (a) and after (b) being taken out from a
quartz cuvette. (c) Optical microscopy image of J-aggregate
nanotube-integrated agarose hydrogel films. (d) Frequency sweeps
of agarose hydrogel films with and without J-aggregate nanotubes
formed at the mixed LCA/DiSC,(S) molar ratio of 1:1.

synthetic urine (100 times) was added into the cuvette with
the J-aggregate nanotube-integrated hydrogel film (Figure 4a).
We noted that the J-aggregate nanotubes integrated into the
agarose hydrogel film were stable in synthetic urine and
showed no change in their absorbance over time (Figure S4a).
In addition, the J-band position of the J-aggregate nanotubes
integrated into agarose hydrogel films was the same as that of
the J-aggregate nanotubes formed in ammonia solution,
suggesting that the gelation process did not disrupt the
packing of DiSC,(S) in the nanotubes. The J-aggregate
nanotubes integrated into hydrogel films in synthetic urine
were also photostable (Figure S4b). Synthetic urine used in
our experiments contains urea, sodium chloride, magnesium
sulfate heptahydrate, and calcium chloride dehydrate. The
stability shown in Figure S4 suggests that the integrated J-
aggregate nanotubes are insensitive to these chemicals in
synthetic urine. We would like to point out that the absorbance
of J-aggregate spherulites integrated into agarose hydrogel films
decreased in synthetic urine over time (Figure SIb). J-
aggregate spherulites easily broke up into small J-aggregate
fibers and fanlike J-aggregates by sonication (Figure Sla). The
agarose hydrogel network was unable to immobilize small J-
aggregate fibers and fanlike J-aggregates. After the addition of
synthetic urine, we noted that these small J-aggregates
gradually precipitated in the hydrogel film. Therefore, we
only exploited the potential of J-aggregate nanotube-integrated
hydrogel films for the detection of DA in synthetic urine. In
our experiments, DA with different concentrations was added
into the synthetic urine in the cuvette with the J-aggregate
nanotube-integrated hydrogel film in the dark. After 10 min
incubation, which allowed DA to diffuse into the hydrogel film
and adsorb at the surface of the integrated J-aggregate
nanotubes, we irradiated the integrated J-aggregate nanotube
with a flashlight for 30 s, followed by measuring their
adsorption spectra. The J-band intensity of the integrated J-
aggregate nanotubes decreased with the increase of DA
concentrations from 10 to 80 nM in synthetic urine (Figure
Sa), where J-aggregate nanotubes were formed at the mixed
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Figure 5. (a) Absorption spectra of J-aggregate nanotube-integrated agarose hydrogel films in synthetic urine with 0, 10, 20, 40, 60, and 80 nM DA.
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Figure 6. Absorption spectra of J-aggregate nanotube-integrated agarose hydrogel films in synthetic urine with 0, 10, 20, 40, 60, and 80 nM UA (a)
and AA (b). J-aggregate nanotubes were formed at the mixed LCA/DiSC,(S) molar ratio of 1:1. (c) Relative J-band intensity changes in J-
aggregate nanotubes integrated agarose hydrogel films upon addition of 80 nM UA, 80 nM AA, and 80 nM DA in synthetic urine, respectively.
Results shown in (c) were the average value from three tests.

LCA/DiSC,(S) molar ratio of 1:1. Figure Sb shows the plot of J-aggregate nanotubes for DA depends on their delocalized

the relative intensity change (AI/I,) in the J-band as a function excitation lengths, e.g, the number of coherently coupled
of DA concentrations in synthetic urine, which showed a linear DiSC,(S) molecules in the J-aggregate nanotubes. The
relationship. Here, AI = I, — I, I, is the J-band intensity before delocalized excitation of J-aggregates relates to the sharpness
the addition of DA, and I is the J-band intensity after the of their absorbances.” As can be seen in Figures 5a and S5a,
addition of DA. The detection limit for DA was estimated by the full width at half-maximum (FWHM) of the adsorption
multiplying the ratio of the standard deviation to the slope of spectrum of J-aggregate nanotubes formed at the mixed LCA/
the linear fit curve by 3.3, as shown in Figure Sb. The multiple DiSC,(5) molar ratio of 1:1 is ~90 nm, which is smaller than
detection tests using three J-aggregate nanotube-integrated that at the mixed LCA/DiSC,(5) molar ratio 5:1 (110 nm).
hydrogel films made at the same conditions gave an average Thus, we concluded that the number of coherently coupled
detection limit of 7.0 + 0.3 nM for DA (Figure Sc). The DiSC,(5) molecules in the J-aggregate nanotubes formed at
detection limit for DA is 1 order of magnitude lower than that the mixed ratio of 1:1 was higher than that at the mixed ratio of
of these analytical methods reported in the literature” > and 5:1, giving a lower detection limit for DA.
comparable to those of the colorimetric methods based on the Selectivity for Dopamine Detection. The interference
plasmon absorption of nanoparticles."' ™" It is known that the from ascorbic acid (AA) and uric acid (UA) (Figure S6),
sedimentation of nanoparticles may occur in a solution, which which often coexist with DA in biological fluids,* is the major
can cause a discrepancy in the optical detection of DA. For the challenge in the detection of DA. UA and urea are major
sensor platform reported here, agarose hydrogel networks components in urine. Our control experiments showed that the
immobilize J-aggregate nanotubes and reduce the discrepancy intensity of the J-band on the integrated J-aggregate nanotubes
in the detection of DA in biological fluids. is insensitive to urea in synthetic urine (Figure S4). Thus, we
For J-aggregate nanotubes formed at the mixed LCA/ further examined the selectivity of J-aggregate nanotube-
DiSC,(5) molar ratio of 5:1 (1 mM LCA and 0.2 mM integrated hydrogel films by monitoring their optical response
DiSC,(5)), the absorbance decrease was also observed as the to AA and UA, respectively. In the selectivity examination, AA
concentration of DA increased from 10 to 80 nM (Figure S5a). or UA at concentrations of 10, 20, 40, 60, and 80 nM were
The plot of the relative intensity (AI/I;) of the J-band as a added in synthetic urine. After 10 min incubation in each case,
function of DA concentrations revealed a linear relationship we irradiated the J-aggregate nanotube-integrated hydrogel
(Figure SSb). The multiple measurements showed the average films with a flashlight for 30 s, followed by measuring their

detection limit of 32.0 + 0.5 nM for DA (Figure Sc), which adsorption spectra (Figure 6a,b). The reduction of the relative
was higher than that of the J-aggregate nanotubes formed at J-band intensity by 80 nM UA and 80 nM AA was significantly
the mixed LCA/DiSC,(S) molar ratio of 1:1. The sensitivity of smaller than that by 80 nM DA (Figure 6¢). The result
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confirms the feasibility of J-aggregate nanotube-integrated
hydrogel films as a colorimetric probe for the selective
detection of DA in the presence of UA and AA.
Mechanism of DA Detection. It was reported that the
autoxidation of DA occurred in an aqueous solution with a pH
higher than 7.0, leading to the formation of the quinone form
(Figure 7a).>**” The pK, value of DA-quinone was 9.58.%"

HO. pH>7 OD\/\
_
HO' NH, o NH;’
Dopamine Dopamine-quinone
()
507
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Figure 7. (a) Schematic illustration of the oxidization of DA in an
aqueous solution. (b) Cyclic voltammogram of J-aggregate nanotubes
formed at the mixed LCA/DiSC,(5) molar ratio of 1:1. (c) Schematic
energy band diagram of J-aggregate nanotubes and DA-quinone.

Thus, DA should exist as the quinone form and be positively
charged in synthetic urine with pH 7.8—8.0. The positively
charged DA-quinone diffused into hydrogel films and adsorbed
on the surface of the integrated J-aggregate nanotubes through
the electrostatic interaction with negatively charged LCA. DA-
quinone showed the absorbance with the peak at ~280 nm,"
while the J-band of J-aggregate nanotubes was at ~740 nm.
Thus, the Forster resonance energy transfer from the J-
aggregate nanotubes to the adsorbed DA-quinone unlikely
occurs. Whether or not the electron transfer from a donor to
an acceptor occurs depends on the relative position of its
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels. DA-quinone has
the HOMO level of —6.01 eV and the LUMO level of —3.42
eV, respectively.”” To estimate the HOMO and LUMO levels
of J-aggregate nanotubes formed at the mixed molar ratio of
1:1, we measured their oxidation and reduction potentials with
cyclic voltammetry (CV). As can be seen in the CV curve
shown in Figure 7b, the J-aggregate nanotubes showed an
oxidation peak. Thus, we calculated the HOMO and LUMO
levels of J-aggregate nanotubes from the following equations*’

E(HOMO) = —e(E__., + 4.4) (1)

onset
E(LUMO) = E, — E(HOMO) @)

The onset oxidation peak (E,,,,) in the CV curve was 0.351
eV. The HOMO level calculated from eq 1 was —4.751 eV. E,
shown in eq 2 is the optical band gap energy that can be
calculated according to the equation E; = 1242/, For the
J-aggregate nanotubes, A, Was ~678 nm. Thus, E, was
calculated to be 1.83 eV. Based on eq 2, the LUMO level of the
J-aggregate nanotubes was found to be —2.921 eV. It is clear
that the LUMO level of DA-quinone is inside the HOMO—
LUMO energy gap of the J-aggregate nanotubes (Figure 7c),
meeting the requirement of the PET process from the excited

J-aggregate nanotubes to the adsorbed DA-quinone. Under
light irradiation, electrons are excited from the ground state to
the excited state of J-aggregate nanotubes. The DA-quinone
absorbed at the surface of the J-aggregate nanotubes accepts
the excited electrons (Figure 7c). Due to the delocalized
excitation of J-aggregate nanotubes, the excited electrons can
efficiently transfer to the adsorbed DA-quinone, giving the
good sensitivity of J-aggregate nanotube-integrated hydrogel
films in the detection of DA in synthetic urine.

The selectivity of J-aggregate nanotube-integrated hydrogel
films for DA over UA and AA in synthetic urine can also be
explained by the PET process. UA and AA could not be
oxidized in an aqueous solution with pH higher than 7.0.*'
Thus, they cannot serve as a good electron acceptor in
synthetic urine with pH in the range of 7.8—8.0, and the PET
process is not effective. To further verify the detection
mechanism for DA, we measured the relative J-band intensity
change in the J-aggregate nanotubes integrated into hydrogel
films in a buffer solution with pH 7.0 and 10.0 after the
addition of 80 nM DA. As can be seen in Figure 8, the J-band

0.20
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e
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0.00 i
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Figure 8. Relative J-band intensity change in the J-aggregate
nanotubes integrated agarose hydrogel films in a buffer solution
with pH 7.0 and 10.0 upon the addition of 80 nM DA. J-aggregate
nanotubes were formed at the mixed LCA/DiSC,(5) molar ratio of
1:1. Results were the average value from three tests.

intensity change was significantly low at pH 7.0, compared to
that in pH 10.0. This is because the number of DA molecules
oxidized was low at pH 7.0. This result further confirms that
PET is responsive to the detection of DA in synthetic urine.

B CONCLUSIONS

We report the formation of J-aggregate nanotubes by the
coassembly of LCA and DiSC,(5) in ammonia solution. By
integrating the J-aggregate nanotubes in agarose hydrogel films
formed on the wall of quartz cuvettes, we fabricate a sensor
platform for the optical detection of DA in synthetic urine,
which combines the advantages of both agarose hydrogels and
J-aggregate nanotubes. In the presence of DA in synthetic
urine, the J-band intensity of the immobilized J-aggregate
nanotubes decreases linearly with the increase of DA
concentrations from 10 to 80 nM, giving the detection limit
as low as ~7 nM. Furthermore, we find that J-aggregate
nanotubes are less sensitive to UA and AA, compared to DA.
The optical response of J-aggregate nanotube-integrated
hydrogel films is a result of PET from the excited J-aggregate
nanotubes to the adsorbed DA-quinone. Benefiting from the
delocalized excitation of J-aggregates and the PET mechanism,
the optical sensor shows high sensitivity to DA over UA and
AA. We believe that the simple, low cost, portable, and reliable
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platform will open a new avenue for the fabrication of
nanoparticle-based optical sensors as well.

B EXPERIMENTAL SECTION

Materials. Lithocholic acid (LCA), 3,3'-diethylthiadicarbo-
cyanine iodide (DiSC,(5)), agarose, dopamine (DA), ascorbic
acid (AA), and uric acid (UA) were purchased from Sigma-
Aldrich and used as received. Ammonia solution was from
Sigma-Aldrich. De-ionized (DI) water was obtained from
Easypure II system (18 MQ cm, pH 5.7). Synthetic urine with
pH 7.8—8.0 was from Ricca Chemical Company and diluted
10 times with DI water before being used. Holey Formvar
filmed grids were purchased from Electron Microscopy
Science.

Synthesis and Characterization of J-Aggregate Nano-
tubes. The coassembly of LCA and DiSC,(5) with the mixed
molar ratio of 1:1 and 5:1 was carried out in 1 and 30%
ammonia solution, in which the concentration of LCA was
always kept at 1 mM. The mixture was sonicated in an
ultrasonic bath (Branson 1510, Branson Ultrasonics Co.) for 5
min and then allowed to sit in the dark at room temperature
for 24 h. The structure and morphology of coassembled J-
aggregate nanotubes were characterized with an optical
microscope (Olympus BX), a scanning electron microscope
(SEM, Hitachi S3500N), and a transmission electron micro-
scope (TEM, FEW Technai F30). For optical microscope
observations, a drop of the mixed LCA/DiSC,(S) solution was
placed on a glass substrate, followed by placing a cover glass
slide on the top of the drop. For SEM and TEM
measurements, J-aggregate nanotubes were dried on holey
Formvar filmed grids at room temperature for 24 h and then
imaged at an accelerating voltage of 20 and 100 kV,
respectively. The absorption spectra of the coassembled J-
aggregate nanotubes were taken with a Cary 60 UV-—vis
spectrophotometer. Cyclic voltammetry (CV) measurements
were conducted in an aqueous solution with 1 M KCI using
CHI627C Electrochemical workstation, in which the coas-
sembled J-aggregate nanotubes were placed on an ITO
working electrode, a platinum wire severed as the counter
electrode, and Ag/AgCl acted as a reference electrode. The
scan range varied from —0.4 to 0.8 V at the speed of 0.01 V/s.

Fabrication of J-Aggregate Nanotube-Integrated
Hydrogel Films. In total, 1 wt % agarose solution was
formed by dissolving 0.1 g of agarose powder in 10 mL of 1%
ammonia solution at ~40 °C under magnetic stirring. Our
primary study showed that agarose could not form transparent
hydrogels in 30% ammonia solution. Thus, ammonia was
allowed to evaporate from the J-aggregate nanotube solution
for 24 h at room temperature. Typically, 2.5 mL of J-aggregate
solution after 24 h evaporation was then mixed with 2.5 mL of
agarose solution. The mixed solution was stirred for 2 min and
then transferred onto a horizontally placed quartz cuvette on a
table. The gelation of the mixed solution in the cuvette
occurred when the temperature was reduced to 23 °C, leading
to the formation of a J-aggregate nanotube-integrated agarose
hydrogel film on the wall of a quartz cuvette. Although the
number of J-aggregate nanotubes integrated into agarose films
was unknown, the total number of J-aggregate nanotubes was
expected to be the same in agarose hydrogel films formed at
the same conditions. The J-aggregate nanotube-integrated
hydrogel films were taken out from the cuvette and then
characterized using a rotational rheometer (AR 2000 ex, TA
Instruments). The amplitude sweep was first performed at a

frequency of 1 Hz to check the linear viscoelastic region in the
oscillation mode. Frequency sweeps were then carried out
under the oscillation mode at 1% strain from 0.1 to 100 rad/s.

Detection of Dopamine. One milliliter of synthetic urine
was added in the quartz cuvette with the J-aggregate nanotube-
integrated agarose hydrogel film, followed by the addition of
DA with different concentrations in the dark. After 10 min
incubation, which allowed DA to diffuse into the agarose
hydrogel film and adsorb on the surface of the integrated J-
aggregate nanotubes, the J-aggregate nanotube-integrated
hydrogel film adhered on the wall of the quartz cuvette and
was irradiated with a flashlight for 30 s and then characterized
with a spectrophotometer.
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