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ABSTRACT: Efficient detection, removal, and recovery of heavy metal ions from
aqueous environments represents a technologically challenging and ecologically urgent
question in the face of increasing metal-related pollution and poisoning across the
globe. Although small-molecule and entrapment-based nanoparticle sensors have been
extensively explored for metal detection, neither of these extant strategies satisfies the
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critical needs for high-performance sensors that are inexpensive, efficient, and

recyclable. Here we first report the development of a regenerable fluorescent nanosensor system for the selective and sensitive
detection of multiple heavy metal ions, based on light-switchable monolayer self-assembly and host—guest interactions. The
system exploits photocontrolled inclusion and exclusion responses of an a-cyclodextrin (CD)-containing surface conjugated with
photoisomerizable azobenzene as a supramolecular system that undergoes reversible assembly and disassembly. The metal
nanosensors can be facilely fabricated and photochemically switched between three chemically distinct entities, each having an
excellent capacity for selective detecting specific metal ions (namely, Cu**, Fe’", Hg*") in a chemical system and in assays on

actual water samples with interfering contaminants.
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B INTRODUCTION

In recent decades, anthropogenic impact on heavy metal
distribution in the environment has been magnified by
expanding world population and overconsumption, with
alarming ramifications such as metal poisoning, accelerated
air/soil/water pollution, and general diminishment of human
health.'™ At the same time, efficient detection, removal, and
recovery of heavy metal ions from aqueous environments
represents a technologically challenging and ecologically urgent
question. Current strategies for metal detection have been
largely based on small-molecule sensors that have limited
reusability and applicability only in the homogeneous
(aqueous) phase."® To tackle these shortages, considerable
efforts have been made to develop metal nanosensors as an
alternative, though such nanoparticle-based probes also have
their share of limitations such as poor synthesis reproducibility,
high costs, low sensitivity, and rigid assay requirements.” "'
Thus, far, composite nanosensors”'>~'* based on physical
entrapunent of probe in a solid matrix have been extensively
explored for metal detection, but this strategy is nonideal for
precise metal detection due to the nanoparticles’ intrinsic
inhomogeneity, inconsistency in specific surface area, uneven
analyte permeability, and tendency for fluorophore leaching in
aqueous samples.ls’16 For metal detection apt for environ-
mental applications, it is critical to develop high-performance
sensors that are inexpensive, efficient, and recyclable.
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To our best knowledge, there have been no reports on
nanosensors that can be photochemically switched and recycled
for detection or harvest of different analytes. As light is an
external stimulus capable of transducing a chemical change with
minimal invasiveness,"” "' we envisioned that a light-controlled
nanosensor system can be a promising approach to metal ion
detection. Factors such as ease of availability and manipulation,
coupled with rapid photochemical reaction rates and low
photoinduced byproducts, make light-controlled systems>'~>’
practically ideal.

Among photoisomerizable switches, azobenzene is one of the
most widely employed because of its high sensitivity in
reversible trans- and cis-photoisomerization upon UV and
visible light irradiation, respectively.”*™>° It is thus regarded as a
powerful molecular switch with a broad range of applications.
Accordingly, based on the well-defined photoinduced behavior
of azobenzene, various azobenzene-containing stimuli-respon-
sive self-assembling systems have been synthesized, which has a
wide application scope that includes drug delivery,® template
synthesis,” switchable catalysts,”’ and liquid crystals.*” In
particular, the “host—guest” supramolecular systems based on
a-cyclodextrin (a-CD)-azobenzene have received intense
attention in recent years for their utility as nanostructured
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Figure 2. SEM images of NS1 (a) and (b). (c) TEM images of nanosensor NS1. (d) The XRD patterns of the CDNPs (blue line) and Fe;O,
nanoparticles (black line). (e) High-resolution XPS spectrum of C 1s of the CDNPs nanoparticles (colored lines represent the deconvolution
curves). (f) The magnetic hysteresis loops of NS1 (blue line) and CDNPs (black line); inset: photographs of an aqueous suspension of NS1 (left)
and after magnetic capture within 30 s (right). (g) Change in UV—vis absorption spectra for S1 after photoirradiation by UV light (at 365 nm). (h)
Kinetics graph of NS1, NS2, and NS3 showing photoisomerization from trans to cis with respect to time (in seconds). (i) XPS survey spectra of the
NS1 nanoparticles before (blue tracing) and after (red tracing) UV irradiation with rinsing with DMF solution.
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functional materials and molecular devices. In host—
guest inclusion complexation involving a-CD/azobenzene, the

trans isomer of azobenzene can be well included by a-CD with
a high association constant (2.8 X 10* mol L™") in aqueous
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solution.”™ " cis—trans isomerization of the azo group by UV—

visible light can be exploited to control the inclusion and
exclusion of azobenzene units, which is accompanied by
significant changes in its molecular dipole moment and
absorption spectrum.

Here we present a new strategy for developing fluorescent
nanoparticles with light-switchable abilities for detection of
multiple heavy metal jons. We attempted to make use of
photocontrolled inclusion and exclusion responses of an a-CD-
containing surface conjugated with azobenzene as a recharge-
able supramolecular system that can undergo reversible
assembly and disassembly (Figure 1). This proposed metal
nanosensor system, modified with a photoactive switchable
monolayer, can be photochemically switched between three
chemically distinct entities, each having an excellent capacity for
selective detection of specific metal ions (namely, Cu**, Fe**,
Hg*"). A major advantage of this method is that it allows self-
assembly of guest (organic fluorescent sensor units) and host
(a-CD) molecules on the surface of nanomaterials (silicon
base), in which a guest molecule could be optimally positioned
and oriented in the detection system to function efficiently,
with minimal interference to host surface properties. We
believe that this work illustrates a model system that
successfully combines photochemistry and host—guest supra-
molecular chemistry for developing photochemically switchable
nanosensors, functional enhancement of sensing nanomaterials,
as well as application of heavy metal ion detection.

First, the a-CD-functionalized magnetic nanoparticles
(denoted as CDNPs) (host) was prepared, as described in
previous reports with slight modification.**** To realize the
photocontrolled assembly and disassembly, we designed and
synthesized three functionalized rhodamine-based azobenzene
derivatives as guest molecules (denoted as A1—A3). Then, the
inclusion complex nanosensors (NS1, NS2, and NS3) were
easily prepared from CDNPs and azobenzene-containing guest
molecules (A1—A3) by a “self-assembly” technique as reported
in our previous work*® (Figure 1). Detailed procedures for
synthesizing host/guest molecules can be found in the
Supporting Information.

B RESULTS AND DISCUSSION

It has been suggested that small nanoparticle (NP) size and
high specific surface area are associated with greater contact of
analyte with the surface of a nanosensor, which is conducive to
probe sensitivity.*” Previously, we have successfully develoéped a
strategy for synthesizing hollow-core ferromagnetic NPs,* with
small NP size and high specific surface area. In this work, the
sizes and shapes of the CDNPs were evaluated by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM imaging showed that the CDNPs
nanostructures were uniformly sized, with a smooth surface and
an average diameter of about 250 nm (Figure 2ab). TEM
images confirmed that the microspheres (NPs) possessed
hollow structures in the range of 70—90 nm in diameter and
about 90 nm the thickness of the shell (Figure 2c). XRD
patterns of the synthesized Fe;O, and CDNPs displayed several
relatively strong reflection peaks in the 20 region of 10—80°.
Six discernible diffraction peaks in Figure 2d can be indexed to
(220), (311), (400), (422), (511), and (440), which match well
with the database information about magnetite in JCPDS
(JCPDS Card, 19-629) file and a broad featureless X-ray
diffraction (XRD) peak at low diffraction angle, which
corresponds to the amorphous SiO, shell. This result suggests
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that the Fe;O, nanoparticles were successfully coated onto the
SiO, shell. In XPS, the high-resolution C 1s spectrum broadly
corresponds to four peak components, as calculated by XPS
Peak Fit (software), with binding energies of about 283.17,
285.00, 286.45, and 288.66 eV (Figure 2e), attributable to C—
Si, C—C, C—0, and O—C—O species, respectively.*>**#84 g
the O—C—O peak is characteristic of @-CD, the result confirms
that modification of the NP with a-CD was successful.

It should be noted in Figure 2f that CDNPs and NS1
samples have low coercivity and no obvious hysteresis, which
indicates that the nanosensors have superparamagnetism.*® The
saturation magnetization (Ms) values for CDNPs and NS1
were 13.25 and 8.92 emu/g, respectively, suggesting that the
NS1 inherited strongly magnetic properties from Fe;O,
nanoparticles. Thus, magnetic separation ability of NS1 in
this detection method can also offer a simple and efficient route
to isolate and concentrate target toxic metal ions from various
environments.

As expected, the azobenzene part at the tail of the
functionalized nanoparticle can be photoinduced to become
isomerized in trans (entry) or cis (egress) configurations. In
UV—vis absorption spectra, photoisomerization of the
azobenzene-functionalized nanoparticles was observed in an
aprotic solvent, N,N-dimethyllformamide (DMF), at a concen-
tration of 0.5 g/L (Figure 2g). Before irradiation with UV light,
the observed spectrum for the cis isomer was typical of
azobenzene derivatives, while the more stable trans isomer was
characterized by a strong z—z* transition at 349 nm, which
agrees well with previous reports.”' Upon UV irradiation at 365
nm, the absorption band at around 349 nm decreases
remarkably, indicating that reverse photoisomerization of Al
from the trans to cis isomer configuration.”> Owing to the
photoinduced structural change from a rod-like trans
configuration to a hook-like cis configuration, the cavity of
the a@-CD host cannot host the bulky cis isomer of the azo
group. As a result of such spatial mismatch between the host
and guest, A1 was forced to be detached from the surface of the
nanoparticles.zg’53 After 10 min of UV irradiation, further
significant changes in the spectra were not detected, indicating
the existence of a photostationary state containing about 76%
cis isomer of NS1 (Figure 2h). The fraction of cis isomers in
the photostationary state was calculated from absorbance at
Amax (349 nm) for the 7—z* absorption of the trans isomer at
time t according to the following equation:>>*%%°

Y= [Cis]t/[trans]o = (1 - A/AO)/(I - gcis/etrans) (1)

where Y stands for the fraction of cis isomer generated in the
medium (DMF), A, the initial absorbance for trans isomer
only, A the absorbance after each UV irradiation, and €/ €qns
the ratio of molar absorption coefficient for cis and trans
isomers. Similarly, the fractions of cis iosmers for NS2 and NS3
in the photostationary state were 88% and 72%, respectively. By
alternating irradiation of the solution with UV and visible light,
the host and guest species can undergo repeated forward and
reverse photoisomerization, which thus constitutes a recyclable
detection system.

Attachment and detachment of the fluorescent sensor units
from CDNPs was confirmed and analyzed by XPS wide-scan
spectra and Fourier transform infrared spectroscopy (Figure
2i). To illustrate with NS1 as an example, the peak at 399.4 eV
was contributed by the N=N of azobenzene group,s‘s_58 and
the rate of integral area of the peak was 76.0%, from which we
calculated that the nitrogen content of azobenzene to be 3.42%,
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Figure 3. (a) UV—vis spectra of NS1 in CH;CN—H,0 in the presence of different amounts of Cu*; inset shows absorbance intensity as a function
of Cu** concentration. (b) Fluorescent spectra of S1 in the absence and presence of Cu®* (1.0 X 107 to 30 X 107 mol L™"); inset shows
fluorescence intensity as a function of Cu** concentration. (c) Photograph of NS1, NS2, and NS3 in the presence of various metal ions (1.0 X 107
mol L™ except Cu*" is 1.5 X 107 mol L™*) in CH;CN—H,O solution. (d) Histogram of fluorescence intensity of NS1, NS2, NS3 at 578 nm versus
increasing concentration of Cu**, Fe**, Hg*". (e) Fluorescence responses of NS1, NS2, and NS3 to various metal ions and Cu**, Fe**, and Hg*" in
the presence of other metal ions in aqueous solution (CH;CN/H,0, 1:10, v/v, buffered at pH 7.2 with 20 4uM HEPES buffer, excitation was at 500

nm, and emission was monitored at 578 nm).

implying that Al was present as a coating on CDNDPs.
However, when the nanoparticles were irradiated with UV and
rinsed with DMF solution, the content of N was reduced to
0.88%, suggesting that nitrogen-containing components were
washed off. Furthermore, we compared the IR spectra of NS1
nanoparticles under the following conditions: (1) before and
after UV radiation and (2) after illumination of light at 365 nm
and rinsing. As expected, the characteristic peaks of the
functional groups of Al molecules at 1693 cm™ (C=0) and
1512 em™' (N=N) disappeared (Figure SI in the Supporting
Information).

Next, we investigated spectroscopic properties of the
nanosensors NS1, NS2, and NS3 (0.5 g L™! in HEPES-
buffered CH;CN—H,O (1:10, v/v) at pH 7.2) toward a range
of metal ions of physiological or ecological significance: K,
Na*, Ca2+, Mg“, Mn2+, Ni2+, F e2+, F e3+’ Cu2+, C02+, C d2+, Ag+,
Hg®', Pb*, and Zn®>" in aqueous solution. As expected, the
three nanosensors NS1, NS2, and NS3 showed excellent
selectivity and sensitivity toward their respective analytes Cu*,
F e3+, Hg2+-

The UV absorption spectra of NS1 with varying Cu** ions
concentrations were recorded, as shown in Figure 3a. Upon
addition of Cu’* ions in NSI suspension, the peak around 552
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nm was significantly enhanced, suggesting the formation of the
ring-opened tautomer of Al upon Cu’* ions binding. In this
case, NS1 suspension displayed an observable spectral shift
from brown to red (Figure S2 in the Supporting Information).
It is also noteworthy that a perceptible color change for Cu**
jons as low as 1.0 X 10> mol L™}, but not other metal ions, in
this system could be detected by visual inspection (Figure 3c).
This interesting feature suggests that NS1 can serve as a facile,
selective “naked-eye” off—on probe for Cu’* ions. These
observations indirectly confirmed that the fluorescent guest
molecules were successfully complexed onto the surface of host
supports.

To test the sensitivity of the nanosensor NS1, titration of a
concentation gradient of Cu** ions was carried out against a
solution of NS1 (0.5 g L™!) in HEPES-buffered CH;CN—H,0
(1:10, v/v) at pH 7.2. Upon addition of increasing
concentrations of Cu®* ions, the characteristic fluorescence of
thodamine B fluorophore (at 578 nm) was significantly
enhanced in a Cu®" concentration-dependent manner (Figure
3b). Kinetically, the nanosensor turned on very rapidly in
response to even very low Cu** concentrations (e.g., 1.0x 107°
mol L"), reaching a fluorescence plateau in about 60 s (Figure
S3 in the Supporting Information). Maximum fluorescence
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Figure 4. (a) Adsorption isotherm and (b) Langmuir plot of Cu®* on the NS1. (c) Dynamic process of separation—concentration of Cu**-containing
NS1 in the presence of a magnet. (d) Fluorescence response of NS1 (0.5 g L™!) in the 5 X 107* M of Cu®* ions over five complex/stripping cycles, I
corresponds to the emission intensity of NS1, I;,—I; corresponds to the emission of NS1 with fresh Cu®" ions solutions, respectively. (Excitation was
at 500 nm, emission was monitored at 553 nm.) (e) Determination of Cu®* with NS1 in real samples at the optimum conditions and the detection

error for three replicates analysis (f).

intensity was achieved at >2.0 X 107 mol L™ Cu®' ions. In
addition, a linear relationship was observed between the
fluorescence intensity of NS1 and concentration of Cu®* within
the range (1.0 X 107%)—(1.4 X 10™°) mol L™! (Figure S4 in the
Supporting Information), with a correlation coefficient R* =
0.9956. The detection limit, based on the definition by IUPAC
(CDL = 3 Sb/m, where Sb is the standard deviation of
background fluorescence and m the slope of the calibration
curve),” was 1.50 X 107° mol L', This threshold value is
much lower than the acceptable value mandated by the EPA
(United States Environmental Protection Agency) for the
concentration of copper in drinking water (1.5 ppm). Upon the
addition of Cu®" ions, there was an obvious fluorescence off—on
change of NS1 at different pH values (shown in Figure SS in
the Supporting Information). And the pH-control emission
measurements reveal that NS1 could respond to Cu*" ions in a
pH range from 7 to 12 with little changes of the fluorescent
intensity, suggesting that the NS1 facilitates the quantification
of the concentration of Cu®" ions in aqueous solution in a wide
pH range. In consideration of most samples analysis of metal
ions being neutral, in this study, the medium for metal ions
detection was buffered at pH 7.2. The other two nanosensors
NS2 and NS3 also showed highly comparable levels of
sensitivity (Figure S6 in the Supporting Information), with
detection limits of 5.92 X 107" mol L™'and 4.15 X 1077 mol
L™, respectively. We thus confirmed that our nanosensors
possess excellent sensitivity, which can potentially be applied to
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detect of inorganic Cu**/Fe*"/Hg*" in biological, pharmaceut-
ical, and ecological samples.

To evaluate the selectivity of NS1 as a fuorescent nanosensor
for Cu®* ions, the fuorescence response of NS1 upon addition
of various biologically and environmentally relevant metal ions
(white bars in Figure 3d) was determined. Potentially
inteferring ions including K*, Na¥, Ca**, Mg*, Mn*', Ni*’,
Cd*, Co™, Pb*", Zn®*, Hg*, and Fe®" were tested at 1.0 X 10~
mol L™, while the target analyte Cu** was tested at 1.5 X 107
mol L™". As expected, except for Cu®*, the above-mentioned
metal ions produced no or negligible changes in fuorescence
intensity as reported by NSI1. In the prescence of Cu*,
dramatic fluorescence enhancement (>22-fold) relative to blank
control was observed, while excess competing Hg** or Fe®* (1.0
X 107" mol L™") ions only increased the fluorescence response
slightly by 1.9 and 2.4-fold, respectively. Similarly, the other two
nanosensor NS2 and NS3 detected Fe** (gray bars in Figure
3d) and Hg** (red bars in Figure 3d) in a highly selective and
sensitive manner. In order to further assess any interference
from other metal ions in the detection of Cu®" ions,
competition experiments were performed in which the
fluorescent probe NS1 was added to a solution of Cu** ions
(1.5 x 107 mol L") in the presence of excess amounts of
other metal ions (1.0 X 107* mol L™") as shown in Figure 2e.
The results indicate that these ions had no obvious interference
in the detection of Cu’* ions and that NS1 is a promising
selective adsorbent for the separation of Cu®* ions in a mixture
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of metal ions. The other two nanosensors (NS2 and NS3)
similarly showed high selectivity and sensitivity toward their
corresponding substrates (Fe** and Hg*', respectively). Nearly
no color and changes in fluorescent intensity were observed in
both absorption and emission spectra with interfering metal
ions (see gray bars and red bars in Figure 3e).

Almost all current flourescent sensors are capable of only
detecting metal ions but not removing or isolating target ions
from solutions. In this work, we endowed NS1 with adsorptive
and separative properties to remove Cu®* ions from aqueous
solutions. Adsorption equilibrium data of Cu’* ions were
analyzed with Langmuir adsorption equation isotherm models
(Figure 4a). NSI as a monolayered nanosensor was found to
possess excellent adsorption capacity for Cu’*, as suggested by
high adsorption density (q.) values (Figure 4b). The maximum
adsorption density (q,,) was 22.79 mg of Cu’* ions per gram of
NS1 (0.5 g L™") (Table SI in the Supporting Information).
Interestingly, as a sorbent, NS1 was also found to be able to
adsorb relatively large amounts of other metal ions (such as
Pb**, Cd*") whose ionic radius match with the cavity of a-CD
in aqueous solutions® (see adsorption capacity of NS1 in
Figure S7 in the Supporting Information).

Reversibility of chemosensors is a very important chemical
aspect in practical applications. We tested NS1 (0.5 g L™")
reversibility by alternately exposing it to aqueous Cu** ion (1.0
x 107" mol L") solution and aqueous EDTA (5.0 X 10™* mol
L™") solution and measuring the corresponding fluorescence
emission and adsorption density of NS1. Our results suggest
that emission of NS1 could be restored. As shown in Figure 4,
NS1 were able to efficiently capture Cu?* for at least 5 cycles,
with a very small decrease in fluorescence intensity (Is/I; =
87.45%) after repeated stripping and wash steps. In contrast,
the emission could not be restored when NS1 was bathed with
pure water (negative control for EDTA) even with protracted
incubation of >24. In addition, the color of NS1 also exhibits
reversibility upon being alternately treated with Cu®* ions and
EDTA (Figure 4d). Figure S8 in the Supporting Information
summarizes desorption efficiency for the five sorption—
desorption cycles. As shown in Figure S8 in the Supporting
Information, the desorption efficiency of Cu** ions also there
did not significantly decrease as the NS1 regeneration cycles
progressed, which indicates that EDTA solution can effectively
desorb the Cu®*" adsorbed by nanosensors. These results
indicated that there was no appreciable loss in adsorption
density of the nanosensor over the studied five cycles, it was
expected this regeneration capacity indicates that nanosensors
could be efficiently reused, and it would be a promising
adsorbent for fast removal of metal ions from practical water
pollution accidents by heavy metals.

To further assess the applicability of the nanosensors in
practical settings, we tested their performance in detecting
metal ions in river, tap, or wastewater samples (Figure 4e and
Figure S9 in the Supporting Information), which mimic
aqueous environments with heighened interferences. We
adopted the standard addition method®"®* and spiked the
samples with different amounts of specific metal ions (Cu®*,
Fe®', Hg*"). Each sample was analyzed in four replicates. For
confirmation, the metal ion contents were checked with an
inductively coupled plasma mass spectrometer (ICP-MS). As
summarized in Figure 4e, the results show that the sensor NS1
is remarkably robust in determining metal ion concentrations in
the samples with very high precision and accuracy (Figure 4f).
The proposed method is thus suitable for efficient determi-
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nation of metal ions in such different aqueous samples of
complex composition.

Bl CONCLUSIONS

In summary, we reported a fluorescent nanosensor system for
the accurate detection of heavy metal ions, which can be facilely
fabricated. On the basis of photochemically switchable “host—
guest” self-assembly/disassembly, the nanosensors showed
excellent selectivity and sensitivity toward different target
metal ions. These nanosensors feature rapid turn-on response,
“naked-eye” recognition, and high adsorption capacity and can
be efficiently recycled and robustly applied to detect trace
amounts of analytes in actual water samples. We believe that
this strategy provides a promising alternative for developing
high-performance sensing materials for the detection, removal,
and recovery of heavy metal ions in aqueous solutions. This
work should help motivate further exploration of urgently
needed nanomaterials capable of addressing metal-related
environmental problems.

B EXPERIMENTAL SECTION

Materials. Rhodamine B (RhB) and a-cyclodextrin (a-CD) were
purchased from Sigma-Aldrich. Hydrazine hydrate (80%), ethylenedi-
amine, glyoxal (40%), and triethylamine were obtained from Alfa.
Aniline, salicylaldehyde, and 2-aminophenol were obtained from
Aladdin. y-(2,3-Epoxypropoxy) propytrimethoxysilane (KH-560, 99%)
was obtained from Acros Organics. All reagents and inorganic metal
salts analytical grade (Shanghai Chemical Reagents Co. China) were
used without further purification. The solutions of metal ions were
prepared by dissolving salts of NaCl, KCl, CaCl,, MgSO,, FeCl;,
Mn(NO,),-6H,0, CoClL,-6H,0, NiCl,-6H,0, Zn(NO,), CdCl,
CuCl,-2H,0, HgCl,, AgNO;, and Pb(NO;), in deionized water.
Aqueous HEPES-NaOH (0.05 mol L™") solution was used as a buffer
to maintain optimal pH (7. 2) and ionic strength of all solutions in
experiments.

Synthesis. All compounds and NPs were synthesized according to
Schemes S1 and S2 provided in the Supporting Information. For
detailed synthetic information and NMR spectra of reaction
intermediates 1—5 and the guest molecules A1—A3, see the
Supporting Information.

Characterization. '"H NMR spectra were measured on a Varian
Mercury-300BB and Bruker AV-400 spectrometer with chemical shifts
reported as parts per million (in CDCl;, with TMS as an internal
standard). The pH values of the test solutions were measured with a
glass electrode connected to a Mettler-Toledo Instruments DELTA
320 pH meter (Shanghai, China) and adjusted if necessary. The
purified nanosensors NS1, NS2, and NS3 were characterized by SEM/
HR-TEM analysis/imaging, FT-IR spectroscopy, spectroscopy, and
UV—vis spectrophotometry. The average size of the NPs as
determined by HR-TEM imaging and vesicle analysis. FT-IR spectra
of the products were recorded on a PerkinElmer Paragon1000 FT-IR
spectrometer. HRMS were collected with an Agilent1290-micrOTOF
Q II (Bruker) spectrometer. Absorption and luminescence spectra
were studied on a Shimadzu UV 2100 PC UV-—visible spectropho-
tometer and a Hitachi F-4500 luminescence spectrometer, respectively.

B ASSOCIATED CONTENT

© Supporting Information

Details regarding experimental procedures and characterization;
kinetics of adsorption of Cu** ions onto NS1; FT-IR spectra of
NS1; response time and sensitivity of nanosensors; standard
curves of fluorescence nanosensors versus metal ions; UV—vis
and fluorescent spectra of NS2 and NS3; fluorescent
measurement of different pH; determination of the metal
ions adsorption capacity. This material is available free of
charge via the Internet at http://pubs.acs.org.
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