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Abstract

Dopamine (DA) is an important neurotransmitter, which is essential for transmitting signals in
neuronal communications. The deficiency of DA release from neurons is implicated in
neurological disorders. There has been great interest in developing new optical probes for
monitoring the release behavior of DA from neurons. H-aggregates of organic dyes represent an
ordered supramolecular structure with delocalized excitons. In this paper, we use the self-assembly
of 3,3'-diethylthiadicarbocyanine iodide (DiSC,(5)) in ammonia solution to develop crystalline H-
aggregate nanoparticles, in which DiSC,(5) molecules show a long-range m-m stacking. The
crystalline H-aggregate nanoparticles are stable in cell culture medium and can serve as an efficient
photo-induced electron transfer (PET) probe for the detection of DA with the concentration as low
as 0.1 nM in cell culture medium. Furthermore, the crystalline H-aggregate nanoparticle-based
PET probe is used to detect the release behavior of DA from the M 17 human neuroblastoma cells.
We find that the DA release from the cells is enhanced by nicotine stimulations. Our results
highlight the potential of crystalline H-aggregate nanoparticle-based PET probe for diagnosing

nervous system diseases and verifying therapies.

Keywords: H-aggregate nanoparticles, photo-induced electron transfer, detection, dopamine

release, cells, nicotine stimulations.
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1. Introduction

Dopamine (DA) is a catecholamine neurotransmitter that plays a vital role in transmitting
signals in synaptic communication between cells.! The deficiency of DA release from cells has
implications in the pathophysiology of neurological disorders, including Parkinson's?>- and
Alzheimer’s diseases.* Given the physiological importance of DA, there has been interested in
developing new analytical methods for studying the release behavior of DA from cells with the
goal of understanding of DA regulations and diagnosing neurological disorders. Electrochemical
measurements are commonly used for the detection of DA. Since that the concentration of DA
released cells is very low,° great efforts have been made in designing electrode materials by using
carbon fibers,” carbon nanotubes, carbon particles,'? and carbon nanosheets!! for improving the
sensitivity of electrochemical methods in the detection of DA release from cells. In comparison
with electrochemical methods, optical probes have advantages including high sensitivity, small
size, cost effectiveness and simple operation. Recently, the plasmon absorbance of Au
nanoparticles'?!3 and fluorescence of quantum dots'41¢ have been used as optical probes for the

simple, rapid and sensitive detection of DA in aqueous solution.

Photoinduced electron transfer (PET) is often used in the design of colorimetric and
fluorometric optical probes, in which the PET efficiency is a key for achieving the high sensitivity
of the probes in the detection of analytes.!” H- and J-aggregates of organic dyes represent highly
ordered supramolecular structures. Due to their delocalized excitons, the PET of H- and J-
aggregates are highly efficient.!®-20 Thus, they may serve as highly efficient PET probes for the
detection of DA. It is known that H- and J-aggregates show distinctly different photophysical
properties in absorption, fluorescence, and excited state lifttime. According to the Kasha’s
excitonic theory, the electronic excited state of J- and H-aggregates splits due to the strong

2
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coupling of organic dyes. For J-aggregates, the allowed energy transition is from the ground state
to the lower excited state, leading to a red-shifted J-band with respect to the monomer band and a
nearly resonant fluorescence emission. While for H-aggregates, the allowed energy transition is
from the ground state to the higher excited state, giving a blue-shifted H-band. The fluorescence
emission of H-aggregates is largely quenched due to the rapid relaxation of the excited energy

from the higher excited state to the forbidden lower excited state.

Recently, J-aggregate nanotubes from the co-assembly of 3,3’-diethythiadicarbocyanine iodide
(DiSC,(5)) and lithocholic acid (LCA) were developed as a PET probe for the detection of DA in
synthetic urine.?!-2> The detection limit of the J-aggregate nanotube-based PET probe for DA was
estimated to be ~ 7 nM.2! It was reported that the photoinduced electron generation*-2# and excited
state lifetime 232 of H-aggregates were greater than those of J-aggregates, suggesting that H-
aggregates may serve as a highly sensitive PET probe for the detection of DA. It is known that H-
and J-aggregates of organic dyes are formed through noncovalent interactions such as electrostatic,
hydrophobic and ©-7 interactions. Thus, one of the major challenges of using H- and J-aggregates
as efficient PET probes is their stability in biological fluids. In this paper, we form crystalline H-
aggregate nanoparticles by the self-assembly of DiSC,(5) in ammonia solution. The structure and
optical properties of crystalline H-aggregate nanoparticles are studied. We show that the crystalline
nanoparticles are stable and can be used as a highly efficient PET probe for the sensitive detection
of DA in synthetic urine and cell culture medium. The detection limit of the crystalline H-aggregate
nanoparticles for DA in synthetic urine is twice lower than that of the J-aggregate nanotubes. In
cell culture medium, the crystalline H-aggregate nanoparticles are able to response to DA with the
concentration as low as 0.1 nM, which is lower than the detection limit of Au nanoparticles!>!3
and quantum dots.'#1¢ Due to their good stability and high sensitivity, the crystalline H-aggregate
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nanoparticles is used as PET probe for detecting the release behavior of DA from M17 human

neuroblastoma cells with/without nicotine stimulations.

2. Experimental

Materials: 3,3'-diethylthiadicarbocyanine iodide (DiSC,(5)), dopamine (DA), ascorbic acid (AA), uric acid
(UA), and nicotine were procured from Sigma Aldrich and used without further purification. 30% ammonia
solution was from Sigma-Aldrich. De-ionized (DI) water was obtained from an Easypure II system (18 MQ
cm, pH 5.7). Synthetic urine (97.17 wt% water, 1.9 wt% urea, 0.77 wt% sodium chloride, 0.09 wt%
magnesium sulfate heptahydrate, 0.06 wt% calcium chloride dihydrate) was from Ricca chemical company.
The synthetic urine was diluted by 10 times with DI water before being used. OPTI-MEM (a reduced serum
medium with insulin, transferrin, hypoxanthine, thymidine, and trance) was from Invitrogen. Holey

Formvar filmed grids were purchased from Electron Microscopy Science.

Preparation and characterization of crystalline H-aggregate nanoparticles: 1 mM DiSC,(5)
was dissolved in 30% ammonium solution with pH 13.0 in a glass vial. The solution was heated
in an ultrasonic bath (Branson 1510, Branson Ultrasonics Co.) at 55°C for 10 min and then cooled
down to room temperature. The formation of crystalline H-aggregates nanoparticles was observed
after the DiSC,(5) solution was aged for 72 h. After the formation of crystalline H-aggregate
nanoparticles, ammonia was allowed to evaporate from open vials for overnight. The supernatant
of crystalline H-aggregate nanoparticle solution was collected and characterized. Absorption
spectra were taken with Agilent Cary 60 UV-vis spectrophotometer. For the measurement of
temperature-dependent absorption spectra, the supernatant of crystalline H-aggregate nanoparticle
solution was placed in a glass cuvette on a thermoelectric stage (Instec TS62 with an STC 200
temperature controller). The supernatant solution was allowed to stabilize for 10 min after each

temperature increment before the UV-vis absorption spectra were recorded. Fluorescence spectra
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were taken at the synchronous mode with A =40 nm using Jasco FP-6500 spectrofluorometer. For
transmission electron microscopes (TEM) measurements, the supernatant solution of crystalline
H-aggregate nanoparticles was dried on Holey Formvar filmed grids. Low-resolution TEM images
were taken with JEOL JEM-1011 at an accelerating voltage of 100 kV. High-resolution TEM
images were recorded with Tecnai F30 at an accelerating voltage of 200 kV. Cyclic voltammetry
(CV) measurements were conducted in an aqueous solution with 1 M KCI using a CHI 627C
Electrochemical workstation. The supernatant solution of crystalline H-aggregate nanoparticles
was drop-casted on an ITO working electrode, a platinum wire and Ag/AgCl were used as a
counter electrode and reference electrode, respectively. The CV scan was performed from — 0.3 to

1 V at a scanning rate of 0.01 V/s.

Detection of dopamine in synthetic urine and culture medium: 1 mL of the supernatant solution
of crystalline H-aggregate nanoparticles was added to 1mL synthetic urine and OPTI-MEM I (a
reduced serum medium), followed by the addition of DA with different concentrations. After 240
min incubation, the UV-vis absorption spectra of crystalline H-aggregate nanoparticles in the

diluted synthetic urine and culture medium were recorded.

Detection of dopamine released from Cells: M17 human neuroblastoma cells were maintained
in OPTI-MEM medium. A total of 4 x 10° cells/well was then seeded into a 12-well plate (Corning
Inc., Kennebunk, ME) and cultured overnight in a humidified incubator at 37 °C with 5% CO,. A
colorimetric Universal Dopamine ELISA Kit (Novus Biologicals, Centennial, CO) was used to
quantitate the DA released in the medium from cultured M17 cells. The culture medium (5 ml in
volume) from a confluent culture of 2.2 x 10 cells in a T-25 tissue culture flask (Sarstedt, Newton,
NC) following a 72-hour incubation was recovered and centrifuged at 16,300 x g for 10 min to

remove cell debris. The amount of DA released in the culture medium was determined by
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colorimetric Universal Dopamine ELISA Kit to be ~ 0.3 nM. Phase contrast microscopy images
of M17 cells was captured with a Nikon D3500 DSLR camera, mounted atop a Nikon Eclipse
E600 upright microscope. On the second day after M17 cells were cultured into a 12-well plate,
nicotine with different concentrations was added to the culture medium to stimulate the release of
DA from the M17 cells. After 24 h of incubation, the medium was collected and centrifuged at
16,300 x g for 10 min to remove cell debris. 0.1 mL of the centrifuged medium was added in a
cuvette, followed by the addition of 0.1 mL of the supernatant solution of crystalline H-aggregate

nanoparticles.

3. Results and Discussion

DiSC,(5) is a cationic cyanine dye that consists of two heterocyclic nitrogen centers
bridged by a m-conjugated polymethine chain (Fig. 1a). ImM DiSCy(5) in methanol showed a
monomer absorption band at 647 nm and a short-wavelength shoulder band at 580 nm (Fig. 1b).
The shoulder band suggests the formation of DiSC,(5) dimers.?’ In a previous study, we showed
that DiSC; (5) in 15% ammonia solution formed both H- and J-aggregates.?® Interestingly, 1mM
DiSC,(5) in 30% ammonia solution only formed H-aggregates with the H-band at 450 nm (Fig.
2b). The H-band was blue-shifted by 197 nm with respect to the monomer band. The largely blue-
shifted H-band indicated that the strong coupling of DiSC,(5) molecules in H-aggregates.
Ammonia is a weak base and gains protons from water to form ammonium ion (NH4") and
hydroxide ion (OH-). The charge of cationic DiSC,(5) molecules in ammonia solution was likely
screened by OH- ions. Thus, the hydrophobic and n-w interactions of DiSC,(5) molecules were
believed to be responsible for the formation of H-aggregates in ammonia solution. Low-resolution
TEM images showed that the size of H-aggregates was in the range from 5 nm to 60 nm (Fig. 1c).
High-resolution TEM images revealed that the H-aggregate nanoparticles had an ordered lamellar

6
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structure with the spacing of ~ 0.34 nm (Fig. 1d), which matched the m-n stacked distance of
cyanine dyes reported in the literature.??-3° Thus, the lamellar structure shown in Fig. 1d represents

a long-range n-n stacking of DiSC,(5) molecules in H-aggregate nanoparticles.

Fig. 2a shows the temperature-dependent absorption spectra of the supernatant solution of
crystalline H-aggregate nanoparticles. The H-band intensity of crystalline H-aggregate
nanoparticles at 450 nm gradually decreased with the increase of temperature, suggesting the
weakening of the coupling of DiSC,(3) molecules. There was no monomer band observed with
the increase of temperature from 20 °C to 65 °C. However, beyond 65 °C, the monomer band at
647 nm appeared and rapidly increased with the increase of temperature (Fig. 2b). This result

indicated that the disassembly of crystalline H-aggregate nanoparticles started at 65 °C.

The structural integrity of crystalline H-aggregate nanoparticles in biological fluids is
essential for sensing applications. Synthetic urine, which comprises urea, sodium chloride, calcium
chloride dehydrate, and magnesium sulfate heptahydrate, was often used to mimic urine
characteristics. Thus, the stability of H-aggregate nanoparticles in synthetic urine was studied. In
our experiments, 1 mL of the supernatant solution of crystalline H-aggregate nanoparticles was
added to 1 mL of synthetic urine. The pH of the diluted synthetic urine was ~ 11. The crystalline
H-aggregate nanoparticles in the diluted synthetic urine showed negligible change in their
absorption spectra over 150 min (Fig. 3a), suggesting that the chemicals in synthetic urine were
unable to disrupt the long-range nt-n stacking of DiSC,(5) molecules in the crystalline H-aggregate
nanoparticles. After the addition of 1 uM DA, the H-band intensity of crystalline H-aggregate
nanoparticles gradually decreased over time (Fig. 3b) and gradually leveled off after 240 min, in

which the H-band intensity dropped by 34 % (Fig. 3c¢).
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DA is redox active (Fig. 4a). It could be oxidized into quinone by ambient O, in aqueous
solution when pH was higher than 7.0.3! DA-quinone could serve as an electron acceptor.3? Fig.
4b shows the UV-vis absorption spectra of 0.5 uM DA in water with pH 5.7 and the diluted
synthetic urine with pH 11. The absorption band at ~ 280 nm was attributed to DA. While the
absorption band at ~ 350 nm observed in the diluted synthetic urine was attributed to DA-
quinone.’? Since the fluorescence emission of the crystalline H-aggregate nanoparticles was
largely quenched, Forster resonance energy transfer from crystalline H-aggregate nanoparticles to
DA-quinone could be ruled out. It is known that the electron transfer from a donor to an acceptor
depends on the relative position of their highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). The HOMO and LUMO levels of crystalline H-
aggregate nanoparticles were estimated from their oxidation potential measured with cyclic
voltammetry (CV) (Fig. 4c) and the optical band gap (E,) measured by using the onset of their

absorption spectra using the following equations:3*

EH0M0: -e (Eonset + 44) (1)

Erymo=Eg4+ Enomo (2)
The onset of oxidation (E ;) for H-aggregate nanoparticles was measured from the CV curve to
be 0.381 eV. Inputting the E ynqe; in equation (1), we calculated the Exopmo to be - 4.781 eV. The E|,
was calculated to be 3.34 ¢V using the equation E ;= 1242/2,,5e1, Where Aonse 18 the onset of the H-
band at 381 nm. Thus, the E;,p0 was found to be -1.531 eV from equation (2). It was reported that
the LUMO level of DA-quinone was - 3.42 eV,3* which was located between the Eyonoand Eyymo
of crystalline H-aggregate nanoparticles (Fig. 4d). Thus, the photo-induced electron transfer (PET)
from the excited state of the crystalline H-aggregate nanoparticles to the ground state of DA-

quinone was allowed.
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To further verify the PET mechanism, we measured the relative intensity change (Al/l,) of
the H-band after the crystalline H-aggregate nanoparticles were incubated with 20 nM DA for 240
min in buffer solution with different pH values. Where Al = [ — I. I, is the H-band intensity in the
absence of DA, and / is the H-band intensity in the presence of DA. As can be seen in Figure 4a,
DA should be in the reduced form at pH 5. In this case, we found that the Al/I, was very small and
negligible (Fig. 5). While DA should be oxidized into quinone in the buffer solution with pH 7 and
8, in which the Al/I, largely increased (Fig. 5). This result further confirms that the PET from the
excited state of the crystalline H-aggregate nanoparticles to the ground state of DA-quinone is

responsive to the Al/I, of the H-band.

For comparison with the J-aggregate nanotube-based PET probe reported in the literature,?!
we measured the UV-vis absorption spectral change of the crystalline H-aggregate nanoparticle-
based PET probe in the diluted synthetic urine after the addition of DA in the same concentration
range from 10 nM to 80 nM. In our experiments, each absorption spectra were taken after 240 min
incubation. It was clear in Fig. 6a that the intensity of the H-band at 450 nm gradually decreased
as the increase of DA concentrations. The plot of the Al/I, of the H-band as a function of DA
concentrations showed a linear relationship (Fig. 6b). The detection limit of the crystalline H-
aggregate nanoparticles for DA in the diluted synthetic urine, which was determined by taking a
ratio of the standard deviation and the slope obtained from the linear fit shown in Fig. 6b and then
multiplying this value by 3.3, was ~ 3.4 nM, which was twice lower than that of the J-aggregate
nanotubes. It was shown that the photoinduced electron generation 23 and excited state lifetime?’
of H-aggregates was greater than that of J-aggregates. In addition, we noted that the excited energy
level of the crystalline H-aggregate nanoparticles shown in Fig.4d was higher than that of the J-

aggregate nanotubes (-2.19 eV). The longer excited lifetime and higher excited energy level of the
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H-aggregate nanoparticles might favor for the PET to DA-quinone and attribute to the lower

detection limit, compared to the J-aggregate nanotubes.

Ascorbic acid (AA) and uric acid (UA) are considered as major interference species for the
detection of DA. The UV-vis absorption spectra of crystalline H-aggregate nanoparticles in the
diluted synthetic urine after the addition of AA and UA with the concentration from 10 nM to 80
nM are shown in Fig. 7a and 7b, respectively. The Al/I, of the H-band at 450 nm in the presence
of 80 nM UA and 80 nM AA was much smaller than that in the presence of 80 nM DA. It was
reported that UA and AA could not easily be oxidized in aqueous solution with pH higher than
7.0.36 Thus, the PET from crystalline H-aggregate nanoparticles to UA and AA was limited
because the poorly oxidized UA and AA could not be served as electron acceptors in synthetic

urine.

We would like to point that the J-aggregate nanotubes formed by the co-assembly of
DiSC,(5) and LCA were unstable and gradually disassembled in the OPTI-MEM I medium of
M17 human neuroblastoma cells. While the crystalline H-aggregate nanoparticles of DiSC,(5)
were found to be stable in the OPTI-MEM I culture medium. In our experiments, 1 mL of the
supernatant solution of crystalline H-aggregate nanoparticles was added to 1mL of the OPTI-MEM
I culture medium. The pH of the diluted culture medium was 11.8, in which DA was oxidized into
quinone. Fig. 8a shows the time-dependent UV-vis absorption spectra of crystalline H-aggregate
nanoparticles in the diluted culture medium. The absorption band at 560 nm was from the culture
medium. The intensity change of the H-band at 450 nm was negligible over time (Fig. 8b),
suggesting that the crystalline H-aggregate nanoparticles were stable in the diluted culture
medium. After the addition of 0.1 nM DA, the apparent decrease of the H-band intensity was

observed over time (Fig. 9a). The DA concentration detected by crystalline H-aggregate

10
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nanoparticles is lower than the detection limit of Au nanoparticles (0.5nM) 3, quantum dots (0.3
nM)!6, and electrochemical sensors (10 nM).!! The decrease of the H-band intensity was gradually
enlarged when the concentration of DA increased to 1nM (Fig. 9b) and 2 nM (Fig. 9c). For
comparison, we plotted the Al/I, of the H-band as a function of DA concentrations from 0.1 nM
to 5 nM after 240 min incubation of crystalline H-aggregate nanoparticles with DA, which showed
a near linear relationship (Fig. 9d). The high sensitivity of crystalline H-aggregate nanoparticles
for DA is critical for detecting the DA released from cells because the level of the released DA is

generally low.

Finally, we exploited the potential of crystalline H-aggregate nanoparticles for detecting
the DA released in the OPTI-MEM 1 culture medium from the M17 human neuroblastoma cells,
which were dopaminergic and capable of releasing DA.37 In our experiments, the M17 cells were
maintained in the OPTI-MEM I medium.3® For the detection of DA release by using crystalline H-
aggregate nanoparticles, M17 cells were seeded into a 12-well plate at 4 x 10° cells/well and
cultured overnight in the OPTI-MEM I medium (Fig. 10a). The culture medium was then
centrifuged for 10 min to remove cell debris. 0.1 mL of the supernatant solution of crystalline H-
aggregate nanoparticles was then added in 0.2 mL of the centrifuged medium with the released
DA. Fig. 10b shows the time-dependent absorption spectra of crystalline H-aggregate
nanoparticles in the culture medium with the released DA. The Al/l, of the H-band gradually
increased over time and leveled off after 240 min (Fig. 10c). This result confirmed the ability of
crystalline H-aggregate nanoparticles as a PET probe for the detection of the DA released in the

culture medium from the M17 neuroblastoma cells.

Nicotine is a well-established neurotransmitter releasing agent, which is able to stimulate

the release of DA from cells by activating the a7 nicotinic (acetylcholine) receptor (nAChR-a7)

11
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expressed on the surface of cells.>**% In our experiments, nicotine with different concentrations
was added in the OPTI-MEM I medium of M 17 neuroblastoma cells cultured on the 12-well plate.
After 24-hour incubation with nicotine, the culture medium was centrifuged for 10 min to remove
cell debris. 0.1 mL of the supernatant solution of crystalline H-aggregate nanoparticles was then
added in 0.2 mL of the centrifuged medium with the released DA. The time-dependent absorption
spectra of crystalline H-aggregate nanoparticles in the culture medium with the released DA under
25 uM and 50 puM nicotine stimulations are shown Fig. 11a and 11b, respectively. The relative
Al/I, of the H-band at 450 nm after 240 min incubation with 0 uM, 25 uM and 50 uM nicotine
was 0.17, 0.20 and 0.23, respectively (Fig. 11¢). There was no further increase in the Al/I, when
the concentration of nicotine increased to 100 uM. The increase of the Al/l, indicated that the

release of DA from the M17 cells was enhanced by nicotine stimulations.

4. Conclusions

We have developed crystalline H-aggregate nanoparticles by the self-assembly of
DiSC,(5), which shows a large, blue-shifted H-band with respect to the monomer band and a long-
range 1-1t stacking of DiSC,(5) molecules. The crystalline H-aggregate nanoparticles are stable in
synthetic urine and cell culture medium. The photo-induced electron transfer (PET) from the
excited state of the crystalline H-aggregate nanoparticles to the ground state of DA-quinone leads
to the decrease of the H-band intensity, providing a simple probe for the highly sensitive detection
of DA in synthetic urine and culture medium. Due to their good stability and high sensitivity, the
crystalline H-aggregate nanoparticles are used as a PET probe to detect the DA released in culture
medium from M17 human neuroblastoma cells. We show that the release of DA from M17 cells
is enhanced by nicotine stimulations. Our results highlight the potential of crystalline H-aggregate

nanoparticles for diagnosing nervous system diseases and screening therapeutic agents.
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Fig. 1. (a) Chemical structure of DiSC,(5). (b) UV-vis absorption spectra of ImM DiSC,(5) in
methanol and 30% ammonia solution. (¢) Low and (d) high-resolution TEM images of
crystalline H-aggregate nanoparticles of DiSC,(5) in 30% ammonia solution after being aged

for 72h.
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Fig. 2. (a) The temperature-dependent UV-vis absorption spectra of crystalline H-aggregate

nanoparticles in ammonia solution after being aged for 72 h. (b) The plot of the M-band

intensity as a function of temperature.
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Fig. 3. The time-dependent UV-vis absorption spectra of crystalline H-aggregate nanoparticles in

diluted synthetic urine without (a) and with (b) 1uM DA at room temperature. (c) The plot of the

H-band intensity as a function of time after the addition of 1uM DA. The crystalline H-aggregate

nanoparticles were formed in 30% ammonia solution after being aged for 72 h.
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Fig. 4. (a) Schematic representation of DA oxidation in aqueous solution. (b) UV-vis absorption
spectra of 0.5 uM DA in water and diluted synthetic urine. (c) Cyclic voltammogram of

crystalline H-aggregate nanoparticles. (d) Schematic energy band diagram of crystalline H-
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Fig. 5. The relative intensity change (Al ) of the H-band of crystalline H-aggregate

nanoparticles in buffer solution with pH 5, 7, and 8 upon the addition of 20 nM DA. The H-
band intensity change was measured after 240 min incubation of crystalline H-aggregate

nanoparticles with DA in buffer solution.
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Fig. 8. (a) The time-dependent UV-vis absorption spectra of crystalline H-aggregate
nanoparticles in diluted culture medium. (b) The plot of the H-band intensity as a function of
time. The crystalline H-aggregate nanoparticles were formed after being aged for 72h in 30%

ammonia solution.
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Fig. 9. UV-vis absorption spectra of crystalline H-aggregate nanoparticles in diluted culture
medium after the addition of 0.1 nM (a), 1 nM (b), and 2 nM (c) DA. (d) The plot of the relative
intensity change (Al/I)) of the H-band as a function of DA concentrations. The crystalline H-
aggregate nanoparticles were formed after being aged for 72h in 30% ammonia solution.
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Fig. 10. (a) Phase contrast microscopy image of M17 cells cultured on the 12-well plate. (b)

Time-dependent UV-vis absorption spectra of crystalline H-aggregate nanoparticles in the

diluted culture medium of M 17 cells without nicotine stimulation. (c) Relative intensity change

(A1) of the H-band at 450 nm as a function of time. The crystalline H-aggregate nanoparticles

were formed after being aged for 72h in 30% ammonia solution.
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Fig. 11. Time-dependent UV-vis absorption spectra of crystalline H-aggregate nanoparticles in

the diluted culture medium of M17 cells with 25 uM (a) and 50 uM (b) nicotine stimulations.

(c) The relative intensity change (Al/I)) of H-band at 450 nm after 240 min incubation with 0

puM, 25 uM, and 50 pM nicotine. The crystalline H-aggregate nanoparticles were formed after

being aged for 72 h in 30% ammonia solution.
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