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Amphiphilic p-sulfonatocalix|4]arene-coated CdSe/ZnS quantum dots
for the optical detection of the neurotransmitter acetylcholinef
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Water-soluble CdSe/ZnS (core-shell) semiconductor quantum
dots surface-modified with tetrahexyl ether derivatives of
p-sulfonatocalix[4]arene were synthesized for the optical detec-
tion of the neurotransmitter acetylcholine.

Colloidal quantum dots (QDs) have recently attracted consider-
able attention as a new class of fluorophores for chemical and
biological applications.' QDs are semiconductor nanoparticles that
have all three dimensions confined to the 2-15 nm length scale.
The optical properties of QDs have significant advantages
compared with traditional organic fluorescent dyes. QDs are
highly bright fluorophores, and they are highly resistant to
photobreaching, making them useful for continuous monitoring of
fluorescence intensity.'” Besides, QDs have size-tunable narrow
emission spectra (typical full width at half maximum <30 nm) in
addition to broad excitation spectra.® This unique optical property
allows a single-light source excitation for multi-colour emission of
QDs. Since the first reports* of the use of QDs as fluorescent
bioprobes in 1998, many applications of QDs have been reported
in the field of cellular and biomedical imaging.>

In contrast, less attention has been paid to the use of QDs as
fluorescent probes for chemical and biochemical sensing. So far,
several reports of QD-based ion probes have appeared for the
fluorescence sensing of metal ions, such as Ag", Cu*, Cd*", Co*",
and Zn*"® A recent paper has shown the highly sensitive
determination of cyanide ions by using CdSe QDs in aqueous
solutions.” However, possible applications of the QD-based
fluorescent probes of biologically important ions or molecules
are virtually unexplored. It is well known that the fluorescence
efficiency of QDs is sensitive to the presence and nature of
adsorbates at the surface of QDs.!? Therefore, it is expected that a
chemical sensing system based on QDs can be developed using
fluorescence changes induced by molecular recognition at the
surface of QDs.

Here, we report an optical detection system for the neuro-
transmitter acetylcholine (ACh) using water-soluble CdSe/ZnS
quantum dots surface-modified with tetrahexyl ether derivatives of
p-sulfonatocalix[4]arene 3 (Scheme 1).
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CdSe/ZnS QDs were prepared in a two-step process (ESIT).
First, CdSe QDs were synthesized using a method reported by Qu
and Peng® with a high temperature reaction in a trioctylphosphine
oxide (TOPO)-hexadecylamine mixture. Then, the CdSe core was
overcoated with a ZnS shell using TOPO as a solvent according to
previously published methods.” The resulting CdSe/ZnS QDs were
capped with TOPO molecules, and they were highly hydrophobic
and insoluble in aqueous media.

To prepare water-soluble CdSe/ZnS QDs, we used amphiphilic
p-sulfonatocalix[4]arenes 1-3 (Scheme 1) as surface-coating agents
for the TOPO capped QDs. p-Sulfonato[4]calixarene 1 is known to
have the ability to bind the quaternary ammonium cation moiety
of ACh by its hydrophobic cavity of the aromatic rings.'” On the
basis of this finding, we expected that if TOPO capped QDs could
be coated by amphiphilic p-sulfonatocalix[4]arenes to form water-
soluble QDs, the resulting QDs would have complexing abilities
towards ACh at the surface of the QDs.

p-Sulfonatocalix[4]arenes 1 was purchased from Tokyo Kasei
Chemicals (Japan) and its derivatives, 2 and 3 were prepared
according to the literature method (ESIt).! The surface-coating of
TOPO capped CdSe/ZnS QDs was performed by mixing the
hydrophobic QDs and 1-3 in tetrahydrofuran at room tempera-
ture (ESIT). When 1 and 2 were used as the surface-coating agents,
the resulting QDs showed very week emission, and they
precipitated after several hours in water. In the case of 3, highly
fluorescent and stable, water-soluble QDs were obtained.

Fig. 1 shows the fluorescence spectrum of 3-coated CdSe/ZnS
QDs in water. For comparison, the fluorescence spectrum of
water-soluble CdSe/ZnS QDs coated by mercaptoacetic acid
(MAA) is also shown. MAA is one of the widely used surface-
coating agents used to prepare water-soluble monodisperse QDs.!
The emission efficiency of the 3-coated QDs is higher than that of
the MAA-coated QDs by a factor of about 3. The quantum yield
was estimated as 0.1 using Rhodamine 6G as standard. The
spectral width (28 nm) of the 3-coated QDs is almost the same as
that of MAA-coated QDs, indicating that the 3-coated QDs are
monodisperse particles similar to the case of MAA-coated QDs.

1:R=H
2:R=CH,

3: R = (CHy)sCHs

Scheme 1 p-Sulfonatocalix[4]arene (1) and its derivatives (2, 3).
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Fig. 1 Fluorescence emission spectra of 3- and MAA-coated CdSe/ZnS
QDs in water. Inset shows fluorescence correlation curves for the QDs in
tetraborate buffer (pH = 9.2). The absorbance at 480 nm (excitation
wavelength) was adjusted to be 0.05.

To estimate the hydrodynamic size of the QDs, fluorescence
correlation spectroscopy (FCS)'? was used. FCS measures the
fluctuation of the fluorescence intensity of fluorophores at the
single molecule level in solution. From the analysis of
the fluorescence autocorrelation function G(x),"* the diffusion
times of the fluorophores can be determined. The G(t) curves were
measured by using a compact FCS system (C9413, Hamamatsu
Photonics, Japan).

The inset in Fig. 1 shows the normalized G(t) curves for 3- and
MAA-coated QDs in aqueous solution. The G(z) curves were
analyzed using a simple one-component diffusion model.'"* The
diffusion time of the 3- and MAA-coated QDs was found to be
0.65 and 0.25 ms, respectively. By using the value of the diffusion
time (0.74 ms) measured for 14 nm fluorescent latex beads
(Molecular Probes, Inc. USA), the hydrodynamic sizes were
calculated to be 12 and 4.7 nm in diameter for 3- and MAA-coated
QDs, respectively.'

In the cases of the surface-coating with thiol compounds, it has
been shown that the TOPO molecules passivating the QD surface
are exchanged with the thiol compounds'”¢ (Fig. 2). Assuming the
molecular length of MAA as 0.35 nm,'® the size of the
semiconductor core of the MAA-coated CdSe/ZnS QDs is
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Fig. 2 A schematic representation of the surface-coating of TOPO
capped CdSe/ZnS QDs with 3 and MAA.

estimated as at least 4.0 nm in a diameter. Thus, in the 3-coated
CdSe/ZnS QDs, the length of the surface-coating layer should be
3.6-4 nm, suggesting that the amphiphilic p-sulfonatocalix[4]arene
molecules form a bilayer structure!”'® with the TOPO molecules
surrounding the QDs (Fig. 2). The higher emission efficiency
observed for 3-coated QDs in comparison with MAA-coated QDs
may be explained by a higher barrier towards the access of
water molecules to the QD surface. In fact, it has been shown that
a surface coating of thiol compounds with longer alkyl chains
results in water-soluble CdSe/ZnS QDs with higher emission
efficiencies.'

In the 3-coated CdSe/ZnS QDs, the QD surface is covered with
the negative charges of the sulfonyl groups. Thus, we first
examined the effect of metal cations such as Na* and K* on the
fluorescence spectrum of 3-coated QDs. The addition of these
cations to the colloidal solution (1 mg/20 mL) of 3-coated QDs did
not cause any changes in the fluorescence spectrum, even at a high
concentration of 100 mM. Ammonium cations (100 mM) also did
not affect the fluorescence spectrum of the QDs. The addition
of ACh caused significant changes in the fluorescence spectrum of
3-coated QDs. Fig. 3 shows the effect of increasing concentrations
of ACh on the fluorescence spectrum of the QDs, where its
absorbance at 480 nm (excitation wavelength) is adjusted to be
0.05. As can be seen, the fluorescence of the QDs is strongly
quenched by ACh. In the presence of 1 x 107> M of ACh,
fluorescence quenching of ca. 50% was observed. It should be
noted that the addition of ACh does not change the spectral
widths and the emission maximum of the QDs. This finding
indicates that ACh does not cause surface deterioration or
aggregation in the 3-coated QDs.

To get insight of the quenching mechanism by ACh, the
temperature dependence of the fluorescence quenching was
examined (inset in Fig. 3). The results show upward-curving
Stern—Volmer plots at 25 and 50 °C, indicating the quenching
process contains both a static and dynamic mechanism.'® It is
observed that the quenching efficiency at 50 °C is much larger than
that of the lower temperature of 25 °C. This temperature
dependence suggests that the quenching is mainly caused by a
dynamic mechanism: ACh molecules bound in 3 at the water-QD
interface diffuse into the organic layer of the coating, and they may
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Fig. 3 Quenching of the fluorescence emission of 3-coated CdSe/ZnS
QDs by addition of ACh. Inset shows the Stern—Volmer plots at 25 and
50 °C.
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Fig. 4 Fluorescence quenching (/1) of 3-coated CdSe/ZnS QDs (PBS
solution, pH = 7.4) in the presence of neurotransmitter compounds and
choline (1.6 mM).

interact with the semiconductor surface to reduce the core
electron-hole recombination.

Fluorescence quenching of 3-coated CdSe/ZnS QDs was
examined for several neurotransmitter compounds and choline
that is the hydrolyzed product of ACh (Fig. 4). The fluorescence
quenching of the 3-coated QDs is quite selective to ACh among
the neurotransmitter compounds tested. The anionic and neutral
neurotransmitters (L-glutamic acid and GABA) do not affect the
fluorescence spectra of 3-coated QDs. These neurotransmitters
may not have access to the QD surface due to the anionic charges
of the sulfonyl groups of 3. In contrast, the monoamine
neurotransmitter histamine with a cationic charge causes a
fluorescence quenching of ca. 10%, and choline causes a
fluorescence quenching of ca. 40%. The fact that choline acts as
an effective quencher indicates that 3 recognizes the quaternary
ammonium cation moiety of choline as well as ACh. The higher
quenching efficiency of ACh in comparison with choline can be
attributed to its higher hydrophobicity which increases the affinity
of ACh towards 3.'%

In summary, we have presented water-soluble CdSe/ZnS QDs
surface-modified with amphiphilic p-sulfonatocalix[4]arene 3 for
the optical detection of the neurotransmitter ACh. To the best of
our knowledge, this is the first use of QDs for the detection of
neurotransmitter compounds. In this work, the amphiphilic
p-sulfonatocalix[4Jarenes are used as not only surface-coating
agents of QDs, but also as host molecules towards ACh which act
at the water-QD interface. We believe that the surface architec-
tures of QDs on introducing the calixarene-based host-guest
recognition will afford a variety of molecular sensing systems for
chemical and bioanalytical applications.”
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