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ABSTRACT: Fluorescent probes are widely studied for metal ion detection because of their multiple favorable properties such as
high sensitivity and selectivity, quick response, naked eye detection, and in situ monitoring. However, optical probes that can
effectively detect the Cu(I) level in cell interiors are rare due to the difficulty associated with selectively and sensitively detecting this
metal ion in a cell environment. Therefore, we designed and synthesized three water-soluble probes (1−3) with a 1,3,5-triazine core
decorated by three substituents: a hydrophobic alkyl chain, a hydrophilic maltose, and a rhodamine B hydrazine fluorophore. Among
the probes, probe 1, which has an octyl chain and a branched maltose group, was the most effective at sensing Cu+ in aqueous
solution. Upon addition of Cu+, this probe showed a dramatic color change from colorless to pink in daylight and displayed an
intense yellow fluorescence emission under 365 nm light. The limit of detection and dissociation constant (Kd) of this probe were 20
nM and 1.1 × 10−12 M, respectively, which are the lowest values reported to date. The two metal ion-binding sites and the
aggregation-induced emission enhancement effect, endowed by the branched maltose group and the octyl chain, respectively, are
responsible for the high sensitivity and selectivity of this probe for Cu+ detection, as demonstrated by 1H NMR, dynamic light
scattering, and transmission electron microscopy studies. Furthermore, the probe successfully differentiated the Cu(I) level of cancer
cells from that of the normal cells. Thus, the probe holds potential for real-time monitoring of Cu(I) level in biological samples and
bioimaging of cancer cells.
KEYWORDS: chromo-fluorogenic sensor, AIE, amphiphilic structure, Cu+ sensing, 100 percentage aqueous media, live cell imaging

Copper is used as a cofactor in a range of biological
enzymes, including tyrosinase, cytochrome c oxidase, and

superoxide dismutase.1 Copper is vital for aerobic respiration,
oxygen stress protection, and cell growth, as well as peptide
hormone regulation and blood clotting factors in all
eukaryotes.2 Nonetheless, a high copper level inside cells can
produce reactive oxygen species that have adverse effects on
DNA, proteins, and lipids.3−6 Moreover, abnormal levels of
copper are implicated in various diseases. For example, Wilson
disease and cancer have both been linked to copper
accumulation, and Menkes disease results from copper
deficiency.7 Copper is also associated with neuronal diseases
such as familial amyotrophic lateral sclerosis, Alzheimer’s
disease, and prion diseases with neuronal spongiform
encephalopathy.8,9 Thus, copper homeostasis is important to
cell physiology and requires a delicate mechanism because
copper is both essential and toxic to the human body.10 In
cytoplasm, the monovalent form of copper (Cu(I)) prevails in
the protein-bound state because of reducing environments of
cytoplasm.11 Many kinds of cancer cells have abnormally high

amounts of Cu+ in their cytoplasm and serum to meet the
growth rates of cancer cells, which are faster than those of
normal cells.12 Therefore, a Cu+ chelator has been delivered
together with a chemotherapeutic agent for cancer treatment.13

Fluorescence sensors are widely used to detect metal ions
because fluorescence assays are fast, nondestructive, highly
sensitive, and suitable for high-throughput screening applica-
tions.14−16 Whereas most metal ions are soluble in water, many
fluorescent molecules are water-insoluble and hydrophobic.
Thus, an organic solvent is often required to detect a target
analyte in environmental or biological samples. Recent studies
have focused on developing water-soluble chemical sen-
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sors.17−19 Fluorescent dyes with aggregation-induced emission
enhancement (AIE) have recently gained a lot of attention due
to their ability to fluoresce when interacting with analytes.20,21

Among many fluorophores, rhodamine B derivatives have
favorable attributes, such as long emission wavelengths and
high quantum yields. Rhodamine B is colorless in its
spirolactam ring (closed) form, becomes pink, and fluoresces
strongly when spirolactam ring opening is induced by analyte
binding. As a result, many rhodamine B-based chemosensors
have been developed to detect various metal ions, including
Cu2+, in living cells.22−25 In contrast, only a few fluorescent
probes can selectively detect Cu+ in biological samples.26−35

To selectively detect Cu(I) levels in cell interiors, a chemical
sensor first needs to penetrate the cell membrane and bind
only Cu+ in the presence of various anions, cations, and
biomolecules. In addition, the chemical probe must distinguish
Cu+ from other copper species (Cu2+ and Cu0). Furthermore,
the use of visible light for probe excitation and strong metal ion
binding are favorable characteristics of fluorescent probes for
cellular Cu+ detection.36,37 As an attempt to achieve these
goals, we designed and prepared novel 1,3,5-triazine-based
fluorescent chemosensors (1−3) with a rhodamine fluoro-
phore. Among them, probe 1 was identified as a chemical
sensor offering highly effective Cu+ sensing in aqueous solution
via both a vivid color change detectable by the naked eye and
strong fluorescence emission under visible light irradiation.
The fluorescence-based limit of detection (LOD) and
dissociation constant (Kd) of this probe was 20 nM and 1.1
× 10−12 M, respectively, the lowest values for Cu+ detection
reported so far. The superiority of probe 1 in Cu+ detection,
compared with probes 2 and 3, resulted from the strong
binding affinity to Cu+ and the AIE effect. Furthermore, we
successfully applied probe 1 for differentiation of intracellular
Cu(I) level between cancer and normal cells, indicating that
this probe holds significant potential for Cu+ bioimaging and
disease detection.

■ RESULTS AND DISCUSSION
Probe Design and Synthesis. Water-soluble fluorescent

probes can be used for real-time monitoring of analytes in
environmental and biological samples. In addition, amphiphilic
molecules tend to form self-assemblies in aqueous solutions,
which could play a favorable role in analyte sensing through
AIE. Therefore, we incorporated maltose and an alkyl chain
into fluorescent probes as the hydrophilic and lipophilic
groups, respectively (Figure 1A). Based on its ability to
fluoresce upon analyte binding and subsequent ring opening,
rhodamine B was used as the fluorophore in our probe
design.22−25 The three moieties of probe, maltose, alkyl chain,
and rhodamine B were joined together using a 1,3,5-triazine
scaffold as the core structure, an ideal platform for attaching
three different groups due to the differentiated reactivity of
three attachment sites for substituent introduction. In addition,
the multiple amine groups present in this aromatic core
potentially act as metal-binding sites. Resultantly, we designed
three fluorescent probes (1−3) with the same core unit and
fluorophore (1,3,5-triazine and rhodamine B, respectively) but
different hydrophilic or lipophilic groups (Figure 1B). Probes 1
and 2 contain a branched dimaltose group; however, the
former contains a long octyl chain, and the latter has a short
ethyl chain. The two triazole rings generated over the course of
conjugating the branched dimaltose group to the triazine core
are known to cooperatively bind Cu+ via the nitrogen/carbon

atom.38,39 Probes 1 and 3 both possess a long octyl chain, but
probe 3 has an unbranched single maltose unit instead of a
branched dimaltose group. The designed probes were prepared
by a synthetic protocol comprising five steps and using 2,4,6-
trichloro-1,3,5-triazine as the starting material (see Scheme
S1).

Probe preparation started by attaching an alkyl chain (ethyl
or octyl) to the triazine core via a thioether linkage. The
resulting thioalkylated triazine derivatives (compounds 1a/2a)
were conjugated by hydrazine-functionalized rhodamine B to
give disubstituted triazine rings (compounds 1b/2b). To
introduce two maltose units via an azide−alkyne cycloaddition
reaction, two alkyne groups were conjugated to the triazine
core by reacting compound 1b/2b with dipropargylamine,
which afforded bisalkyne-functionalized triazine derivatives
(compounds 1c/2c). Alternatively, compound 1b was reacted
with propargylamine to give the monoalkyne-functionalized
triazine derivative (compound 3c). The alkyne-functionalized
triazine derivatives (1c/2c/3c) were then subjected to a click
reaction with perbenzoylated maltosyl azide. Under Zempleń
conditions using NaOMe, the resulting cycloaddition product
underwent global deprotection to provide the three probes (1,
2, and 3) with different hydrophilic or lipophilic groups. The
chemical structures of the probes were confirmed by 1H and
13C NMR spectroscopy and high-resolution mass spectrometry
(see the Supporting Information).
Photophysical Properties of Probes 1−3 in the

Absence and Presence of Metal Ions. When dissolved in
water, probe 1 was colorless under daylight and showed blue
luminescence under illumination of 365 nm (Figure S1).
Probes 2 and 3 had little color in daylight or under UV
irradiation. The UV−visible absorption spectra showed that
only probe 1 in water had a weak absorption peak in the range
of 400−500 nm, while the other probes showed no absorption

Figure 1. (A) Schematic representation of the building blocks used
for probe preparation and their roles in metal ion sensing. The 1,3,5-
triazine unit was used as a core structure in preparing all of the probes,
and two different head and tail groups were attached to that core
along with hydrazine-functionalized rhodamine B. An ethyl or octyl
chain was attached to the triazine core as a lipophilic group via a
thioether linkage, and one or two maltose groups were conjugated to
the core via a triazole-containing amine linker. Rhodamine B was
conjugated to the core ring as a fluorophore via a hydrazine linker. All
probes share the triazine core and rhodamine B fluorophore, and they
differ from one another in the number of hydrophilic groups and alkyl
chain length. (B) Chemical structures of the new rhodamine B-based
amphiphilic probes 1−3.
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of visible light (Figure S1B). In the fluorescence study, only
probe 1 showed a strong fluorescence emission in the range of
400−550 nm upon excitation at 330 nm, which is responsible
for its blue luminescence under UV irradiation (Figure S2A).
Probes 2 and 3 had little fluorescence emission in the visible
light region under the same conditions (Figures S2B and S2C).

Next, we investigated the metal ion sensing properties of
these probes in water. Diverse metal ions (monovalent (K+,
Na+, Ag+, Cs+, and Cu+), divalent (Cu2+, Ca2+, Co2+, Cd2+,
Pb2+, Ni2+, Zn2+, and Hg2+), and trivalent (Cr3+, Ga3+, Fe3+,
Al3+, Au3+, and Ru3+)) were included in this investigation.
When Cu+ (100 μM) was added to an aqueous solution
containing probe 2 (10 μM), the solution changed from
colorless to pink, as detected by the naked eye in daylight
(Figure S3A). The addition of Cu2+ or Hg2+ to the probe 2
solution produced a weak purple rather than a pink. Similar
results were obtained for probe 3 (Figure S3B). The other
metal ions failed to produce color changes in the probe
solutions. Under illumination of 365 nm, the solutions
containing probes 2 and 3 showed luminescent color changes
from blue to orange and green, respectively, upon the addition
of Cu+. When added to the probe solutions, Hg2+ or Au3+ gave
a weaker luminescence intensity than Cu+. In the evaluation of
probe 1 under the same conditions, the solution containing the
probe selectively changed from colorless to pink upon Cu+

addition, as detected by a naked eye (Figure 2). When
irradiated at 365 nm, the blue luminescence of probe 1 became
intense yellow upon addition of Cu+, whereas addition of the
other individual metal ions, including Cu2+, produced no
change in the solution luminescence color.

The solution color (daylight) and luminescence color
changes (UV irradiation) of the probes detected upon Cu+

addition were recapitulated in UV−visible and fluorescence
studies. Probe 2 in water showed strong, intermediate, or weak
absorption in the 550−600 nm range upon addition of Cu+

(strong), Cu2+/Hg2+ (intermediate), or Ag+ (weak) (Figure
S4A). With probe 3, adding Cu+ and Cu2+ to the solution
resulted in strong and weak absorptions in the 530−550 nm
range, respectively (Figure S4B). Thus, probes 2 and 3 showed
moderate selectivity for Cu+ detection. Next, we found that the
optimal excitation wavelengths for the fluorescence study were
520 and 460 nm for probes 2 and 3, respectively (Figure S5).

Upon excitation at those individual wavelengths, these probes
showed intense fluorescence emission in the 550−600 nm
range in the presence of Cu+ (Figure S4C,D). The addition of
Hg2+ or Au3+ to the probe solutions showed slight increases in
fluorescence intensity, indicating that these probes are
suboptimal for selectively detecting Cu+ in water. On the
other hand, probe 1 provided high selectivity for Cu+

detection. Upon the addition of Cu+, this probe showed a
strong absorption peak at 553 nm in the UV−visible spectrum
and produced a strong fluorescence emission at 573 nm (I573)
upon excitation at 520 nm (Figure 2). Additions of the other
metal ions to the probe solution produced only minor effects
on both the absorption and fluorescence spectra of probe 1.

The fluorescence emission of probe 1 was further studied by
using different Cu(I) salts (CuCl, CuBr, and CuI). Only the
addition of CuI to the probe led to a strong fluorescence
intensity (Figure S6). Cu(I) tends to spontaneously oxidize to
Cu(II) in solution and thus the oxidized Cu species needs to
return back to Cu(I) for sensing of this metal ion, which was
attained by iodide (I−), a reducing agent, in this experiment.40

The addition of NaI to the probe failed to induce fluorescence
emission, indicating that I− is unlikely to be responsible for the
fluorescence emission observed here. The probe also showed
little fluorescence emission in the presence of other reducing
substances (Fe2+, dithiothreitol, and cysteine (Cys)) or protein
(bovine serum albumin) (Figure S6C). Thus, the response of
the probe to Cu(I) is not ascribed to the reducing power of
this metal ion. The probes (1−3) were further investigated by
adding Cu+ in the presence of another metal ion, which
allowed us to determine how another metal ion interferes with
the detection of Cu+. As expected, the ability of probe 2 to
detect Cu+ tended to be strongly affected by the presence of
another metal ion (Ag+ or Au3+) (Figure S7). A similar result
was observed with probe 3; its ability to detect Cu+ was
severely hindered by the presence of Hg2+, Au3+, or Ru3+. In
contrast, probe 1 did not suffer such interference from the
nontarget metal ions (Figure 2D), indicating that probe 1 is
superior to probes 2 and 3 in terms of selectively detecting Cu+

in an aqueous solution.
Cu+-Sensing Capability of Probes 1−3. The changes in

solution color and UV−visible and fluorescence spectra upon
the addition of Cu+ likely reflect the binding of this metal ion

Figure 2. (A) A color image and fluorescence image of probe 1 solutions (10 μM) containing various metal ions (100 μM, 10 equiv) under
irradiation of 365 nm. (B) UV/vis and (C) fluorescence spectra of those probe-metal ion solutions. Water was used as a solvent. (D) Interference
study of probe 1 (10 μM) using different metal ions (100 μM) in the presence of Cu+ (100 μM).
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to the individual probes (1−3). To find the binding
stoichiometry between each probe and the metal ion, we
mixed different molar ratios of probes 1 and 2 with Cu+ in
water and measured the fluorescence intensities at 573 nm
(I573) (Figure S8). The resulting Job plots show intersections
of two lines at the x-axis values of 0.67 and 0.68 for probes 1
and 2, respectively,41 indicating that these probes bind Cu+ in a
ratio of 1:2. We could not obtain meaningful data for probe 3,
probably due to weak binding with this metal ion. Next, we
carried out fluorescence titration of the probes with Cu+. The
fluorescence intensity (I573) of probe 2 (10 μM) increased as
the Cu+ concentration increased up to 2 equiv (20 μM)
relative to the probe (Figure S9B). No additional increase in
fluorescence intensity was observed with the addition of more
Cu+. At this saturation point, a large increase (284-fold) in
fluorescence intensity of the probe was observed, along with an
increased quantum yield (ϕ) from 0.048 to 0.57. Probe 3 was
similar to probe 2 in that the fluorescence intensity (I529)
increased with [Cu+], but it increased more gradually than that
of probe 2 (Figure S9C). In addition, the fluorescence
intensity of this probe was not saturated at 2 equiv of Cu+;
instead, it continued to increase up to the addition of 5 equiv
of Cu+. The addition of 5 equiv of Cu+ to the probe solution
resulted in a 10-fold enhancement in the fluorescence intensity
(I529) relative to that observed in the absence of the metal ion.
The comparison of those two probes indicates that probe 3 is
less sensitive than probe 2 in detecting Cu+ using fluorescence
emission intensity. This is likely correlated with weaker binding
between Cu+ and probe 3 than between Cu+ and probe 2. As
calculated from the fluorescence titration data, the LODs of
probes 2 and 3 were 1.3 and 5.3 μM, respectively (Figure
S9E,F).

When probe 1 was subjected to titration of the fluorescence
produced with Cu+, its fluorescence intensity at 573 nm (I573)
increased continuously up to the addition of 10 equiv of Cu+

(Figure 3A). This behavior is similar to that of probe 3, but the
fluorescence emission enhancement obtained from probe 1
was 292-fold, significantly higher than that of probe 3. The
LOD of probe 1 for Cu+ detection was calculated to be 20 nM,
significantly better than those of both probe 3 (5.3 μM) and
probe 2 (1.3 μM) (Figure S9). The Kd of probe 1 for Cu+

binding was measured using thiourea as a competitive ligand in
water, giving 1.1 × 10−12 M (Figure 3B).34,42 The LOD and Kd
obtained for probe 1 were one of the best of all previously
reported probes for Cu+ detection (Table S1), indicating its
promise for sensitively detecting Cu+. Of note, quantum yield
of probe 1 could not be correctly calculated due to the
formation of large aggregates in water, resulting in substantial
light scattering. Rather, the fluorescence emission intensities of
probes 1 and 2 were compared to each other in the presence of
10 equiv. Cu+, using rhodamine B (ϕ = 0.31) as a reference
(Figure S11B). In the absence of Cu+, these probes were little
fluorescent (Figure S11A). Time-resolved fluorescence spec-
troscopy allowed us to find that the excited state lifetimes (τ)
of probes 1 and 2 increased from 4.7 to 5.9 ns (probe 1) and
from 4.4 to 5.7 ns for probe 2 (Figures 3C and S12).26

The rhodamine hydrazide-based fluorophore is known to
undergo protonation and subsequent opening of the
spirolactam ring in acidic conditions, resulting in a large
increase in fluorescent intensity at 550−590 nm.43−45 Based on
that, we investigated the performance of our rhodamine
hydrazide-based probes for Cu+ detection according to
solution pH maintained by a PBS-buffered system. In the
absence of Cu+, as expected, the fluorescent intensity of probe

Figure 3. (A) Fluorescence titration of probe 1 (10 μM) with Cu+ in water. The metal ion was used in the range of 0−100 μM, and the probe was
excited at 520 nm. (B) Benesi−Hildebrand plot used for Kd determination, obtained from the titration data of probe 1 with Cu+ (0, 0.1, 0.2, 0.3,
0.5, 0.9, 1.3, 1.8, 2.5, 3.5, 5.0, 7.0, 10.0, 15.0, 20.0, 30.0, 40.0, 60.0, 80.0, 100.0, 150.0, 200.0, 400.0, 600.0, 800.0 pM) in the presence of thiourea
(100 mM). (C) Fluorescence decay profiles of probe 1 in water in the presence (red) and absence of Cu+ (10 equiv; black). The inset shows a
change in the excited state lifetime (τ) of the probe upon addition of the metal ion. (D) Changes in the fluorescence intensity (I573) of probe 1 (10
μM) with pH variation in the absence and presence of Cu+ (100 μM) in the phosphate-buffered saline (PBS). Excitation wavelength: 520 nm. (E)
Changes in the fluorescence intensity ratio (F/F0) of probe 1 with increasing water content in dimethylsulfoxide (DMSO). F0 and F are the
fluorescence intensities of the probe at 575 nm in the absence and presence of Cu+ (100 μM), respectively. Excitation wavelength: 520 nm. (F)
Changes in aggregate size displayed by probe 1 (10 μM) as the amount of Cu+ increased from 0 to 50 μM. The probe formed both small and large
aggregates in the presence of less than 25 μM Cu+. The data are shown as the mean ± SD (n = 3).
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1 at 575 nm (I575) was relatively weak and varied little in the
pH range of 5−11, but it tended to increase when the solution
pH was less than 5 (Figure S13). This increase is likely due to
the protonation of the carbonyl group under the conditions,
resulting in the spirolactam ring cleavage.46 In the presence of
Cu+, the probe showed high fluorescence intensity in the pH
range 4−8, but the fluorescence emission weakened when the
solution pH deviated from that optimal range (Figure 3D).
This weakened fluorescence emission probably originates from
either the protonation of the carbonyl group or association of
OH− with Cu+, leading to the decreased binding of the metal
ion to the probe. Thus, probe 1 effectively detected Cu+ in a
solution pH range of 4−8, potentiating its suitability for
detecting Cu+ in biological samples.
Cu+ Sensing Mechanism of Probes 1−3. All of the

results described above consistently indicate that probe 1 is
superior to probes 2 and 3 in sensitively and selectively
detecting Cu+ in an aqueous solution. To explore the origin of
this notable result, we first measured the color change of probe
1 (10 μM) when it was dissolved in various solvent systems
and exposed to Cu+ at 100 μM. When Cu+ was added to those
solutions, the probe dissolved in water, MeOH, or DCM
showed a pink/purple color in daylight, as detected by the
naked eye, and the other solutions were colorless (Figure
S14A). Under irradiation of 365 nm, probe 1 dissolved in
water, MeOH, or dichloromethane (DCM) showed yellow
luminescence, with the most intense emission observed with
water. Consistent with this result, the fluorescence intensity of
the probe at 573 nm (I573) increased most upon addition of
Cu+ when the probe was dissolved in water (Figure S14B,C).

We further investigated the fluorescence behavior of this
probe by using a mixture of DMSO and water as a binary
solvent. When the amount of water in DMSO increased to
more than 40%, the fluorescence intensity of probe 1 at 573
nm increased dramatically in the presence of Cu+, suggesting
the AIE in 100% water (Figures 3E and S15). Similar increases
in fluorescence intensity were observed for probes 2 and 3, but
the enhancement was substantially smaller than that displayed
by probe 1 (Figure S16). To explore the role of AIE in Cu+

sensing, we measured changes in particle size displayed by the
probes (1−3) (10 μM) with an increasing water content in
DMSO via dynamic light scattering (DLS). In the absence of
the metal ion, the probes formed two sets of aggregates (small
and large) at high water contents (60/80%) in DMSO (Figure
S17). The two sets of aggregates formed by probe 1, one at
∼85 nm and the other at ∼400 nm, showed little changes in
the aggregate size upon addition of Cu+ up to 2 equiv. (20
μM) (Figures 3F and S18). When the metal ion was further
added to the probe up to 5 equiv, the DLS peak corresponding
to the small particles disappeared, and the size of the large
aggregates gradually increased from 400 nm to more than 1000
nm. Thus, probe aggregation appears to be intensified when
more than 2 equiv of Cu+ was added to the probe. A similar
result was obtained for probe 3 (Figure S19B), which also
formed small and large particles in water, with particle sizes of
∼50 and ∼ 250 nm, respectively. Unlike probes 1 and 3, probe
2 showed no substantial variation in particle size as the amount
of Cu+ increased, and the small particles formed by this probe
did not disappear upon the addition of up to 5 equiv of Cu+

(Figure S19A). Probe aggregation was further supported by
transmission electron microscopy (TEM). Consistent with the
DLS results, TEM images of probes 1 and 3 show both small
and large aggregates in the absence of Cu+ (Figure S20A,C).

Upon addition of 4 equiv of Cu+ (40 μM), a substantial
increase in particle size was observed as the probes formed
large aggregates. In contrast, probe 2 showed a negligible
increase in aggregate size upon addition of the metal ion
(Figure S20B). Taken together, these results indicate that the
AIE plays a key role for probe 1 in effective Cu+ detection,
although the substantial increase in the sizes of large aggregates
was a common feature of both probes 1 and 3 upon addition of
5 equiv of Cu+. In the case of probe 2, the AIE cannot be
expected as no size increase in the probe aggregates was
observed upon the addition of Cu+.
Molecular Interaction between the Probe and Cu+.

To find the metal binding site of probe 1, we first obtained the
1H NMR spectrum of the probe with increasing equiv of Cu+.
The individual NMR peaks of probe 1 were assigned based on
2D NMR spectra (1H−1H NOESY, COSY, and HSQC)
(Figures S21−S23). As the amount of Cu+ increased, the
triazole C5-proton peaks (Ht) of probe 1 disappeared,
indicating that the metal ion binds to the deprotonated C5
of the triazole ring (Figure S24). Some signals, such as Hd, Hf,
and Hg, were shifted downfield, suggesting the coordination of
Cu+ to the carbonyl group on the lactam ring to facilitate the
opening of the spirolactam ring. This binding is responsible for
generating the pink color and strong fluorescence emission at
573 nm observed when this probe is exposed to Cu+. We also
observed gradual peak broadening of all proton signals as Cu+

concentration increased, corroborating the finding of probe
aggregation in water. When probes 2 and 3 were studied under
the same conditions, similar results were obtained (Figures S25
and S26). These results were expected because all of the tested
probes (1−3) contain an acidic triazole C5−H and lactam
carbonyl group for Cu+ binding. To further investigate the
molecular interaction between each probe and Cu+, we used
density functional theory (DFT) calculations at the B3LYP/6-
31G* level. The coordination of two Cu+ ions to probe 1 was
calculated to induce a substantial conformational change,
reminiscent of the induced fit of an enzyme−substrate
interaction (Figure S27A). The calculations show that the
probe can bind two Cu+ ions, which is consistent with the 1:2
stoichiometry of the [probe 1+ Cu+] complex obtained from
the Job plot. The first binding site of the probe comprises three
atoms: triazole N, triazine N, and the rhodamine carbonyl
group. Binding of Cu+ to this binding site is responsible for the
fluorescence emission of the probe upon the addition of Cu+.
The second binding site is in the linker region between the
maltose hydrophilic group and the triazine core and also
comprises three atoms: triazole C5, triazole N, and maltose 2-
OH. The Cu+ binding site of probe 2 was the same as for
probe 1, as expected because the probes have the same
structure except for the length of the lipophilic alkyl chain
(Figure S28A). For probe 3, we found only a single binding
site comprising triazole N, triazine N, and the rhodamine
carbonyl group, similar to the first Cu+ binding site of probes 1
and 2 (Figure S29A). This calculation result is consistent with
the color change and fluorescence emission described above
for this probe upon Cu+ binding.

The DFT calculations also give information about the
energy levels and electron distribution of the frontier orbitals
(the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO)). The calcu-
lations show that the HOMO and LUMO of probe 1 are
located in different regions of the rhodamine unit: the
dibenzopyran ring for the HOMO and the benzolactam ring
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for the LUMO (Figure S27B). When two Cu+ ions bind to the
probe, the HOMO electron density is the same as that of free
probe 1, but the LUMO electron density moves from the
benzolactam ring of the fluorophore to the first Cu+-binding
site of the probe (Figure S27B). Opening of the benzolactam
ring induced by Cu+ binding results in little change in the
electronic distributions of HOMO and LUMO compared to
those of the probe complexed with two copper ions in a ring-
closed form. Upon binding of two copper ions, the HOMO−
LUMO energy gap of the probe was reduced from 4.2 to 2.2
eV. We also calculated the HOMO and LUMO energy levels
of the [probe-Cu+] complex following spirolactam ring-
opening induced by Cu+ binding. We found a small
HOMO−LUMO energy gap for the ring-opened [probe-
Cu+] complex, which explains the absorption peak at 553 nm
(A553) and fluorescence emission peak at 573 nm (I573) upon
Cu+ addition. A similar trend was observed for probe 2, which
showed HOMO and LUMO electron density mainly in the
dibenzopyran and benzolactam rings of the fluorophore,
respectively (Figure S28B). Binding between two Cu+ ions
and the probe and subsequent ring opening produce little
change in the location of the HOMO electron density, but the
LUMO electron density shifted to the first metal binding site.

The HOMO−LUMO energy gap was decreased from 3.99
to 2.06 eV upon binding of two copper(I) ions. Following the
opening of the benzolactam ring, the HOMO−LUMO energy
gap was further reduced to 2.03 eV (Figure S28B). The metal
binding to probe 3 also decreases the HOMO−LUMO energy
gap from 4.15 to 3.39 eV (Figure S29B). The ring-opened
complex between the probe and Cu+ further reduced the
HOMO−LUMO energy gap to 2.06 eV. The photophysical
properties and HOMO−LUMO energy levels of probes 1−3
are summarized in Table 1. Based on the fluorescence, NMR,
DLS, and DFT results, we propose a Cu+-sensing mechanism
for probe 1, as shown in Figure 4. Binding between two
copper(I) ions and the probe triggers opening of the
spirolactam ring of the rhodamine unit, resulting in the
aggregation of probe−metal complexes for fluorescence
emission enhancement. The Cu+-binding-induced bond
cleavage and resulting large aggregate formation indicate that
the Cu+ sensing of the probe is irreversible (activity-based).
Application of Probe 1 for Cell Imaging. We explored

the potential of activity-based probe 1 to detect the Cu(I) level
within living cells. First, we used human skin cancer cells (SK-
MEL-28) and human breast cancer cells (MDA-MB-231) to
measure Cu(I) levels in cytoplasm. When treated with probe 1
(5 μM), both cell lines displayed “TURN-ON” fluorescence
emissions, indicating that the probe can penetrate cell
membranes (Figure S30). These cancer cells showed little
fluorescence emission in the absence of the probe. The
pretreatment of those cancer cells with CuCl2 (50 μM)
increased the fluorescence intensity compared to the control

cells that received no pretreatment, as a consequence of the
increased cellular levels of Cu(I). This result encouraged us to
evaluate the probe in terms of ability to differentiate cancer
cells from normal cells via Cu(I) level detection. Cancer cells
tend to contain more Cu(I) levels than normal cells to
accommodate their high cell proliferation and division
activity.47−52 When human lung cancer (A549) and normal
cells (HEL299) were treated with the probe, we found that
A549 cancer cells exhibited a higher fluorescence intensity than
normal HEL299 cells (Figure 5). This result indicates that
probe 1 holds potential in the detection of human lung cancer.
The pretreatment of these lung cells (HEL299 and A549) with
CuCl2 resulted in further increases in fluorescence intensity, as
observed with the skin and breast cancer cells above. The
probe exhibited no toxicity up to 50 μM in all these cell lines
(A549, HEL299, SK-MEL-28, and MDA-MB-231 cells)
(Figure S31).

■ CONCLUSIONS
Our new fluorescent probe 1 is highly effective for sensing Cu+

in an aqueous environment. The probe has a triazine core
decorated with three functional units: a lipophilic alkyl chain
(octyl), a fluorophore (rhodamine B hydrazine), and a
hydrophilic carbohydrate (maltose). The individual units
play distinct roles in Cu+ sensing. Upon binding two equiv
of Cu+ to the probe, the spirolactam ring of the rhodamine B-
based fluorophore opens to generate a pink color, and the
lipophilic octyl chain facilitates aggregation of [probe 1-2Cu+]
complexes to induce AIE and ensure strong fluorescence

Table 1. Photo-Physical Properties and the Limits of Detection (LODs) of Probes 1−3 in the Presence of Cu+a

probe

UV−vis., λmax (nm) Flu., λem (nm) LOD (Flu.) (μM)
energy levels of the probes

(eV)
energy levels of the [probe
+2Cu+] - closed form (eV)

energy levels of the [probe
+2Cu+] - open form (eV)

with Cu+ HOMO LUMO E gap HOMO LUMO E gap HOMO LUMO E gap

1 553 573 0.02 −5.30 −1.12 4.18 −8.36 −6.18 2.18 −8.35 −6.19 2.16
2 552 573 1.3 −5.19 −1.20 3.99 −8.23 −6.17 2.06 −8.21 −6.18 2.03
3 530 529 5.3 −5.05 −0.90 4.15 −6.99 −3.60 3.39 −6.94 −4.88 2.06

aAlong with energy levels of the frontier orbitals (HOMO and LUMO) of the probes and their Cu+ complexes in the closed and open forms, as
determined by DFT calculations.

Figure 4. Proposed Cu+-sensing mechanism of probe 1. The probe
contains two binding sites for Cu+. Cu+ binding to the carbonyl group
of the rhodamine fluorophore induces the spirolactam ring to open,
resulting in an intense fluorescence emission at 573 nm followed by
the aggregation of the probe−metal ion complex. This aggregation is
facilitated by the presence of a hydrophobic long alkyl chain in the
probe, resulting in a large enhancement in the fluorescence emission.
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emissions. The hydrophilic maltose units make the probe
water-soluble, which allowed us to evaluate the probe’s ability
to sense Cu+ in aqueous solutions, including living cells. In
addition, this hydrophilic group participates in Cu+ binding in
collaboration with two neighboring triazole rings. The central
triazine ring used to bring the three functional units (alkyl
chain, rhodamine B hydrazine, and triazole-maltose conjugate)
into a single molecular probe is also involved in binding
copper(I). Probe 2, which has a short ethyl chain instead of a
long octyl chain, failed to produce AIE, although it did show
the ability to bind two copper(I) ions and produce notable
changes in both the solution color and fluorescence intensity.
As a result, probe 2 was unable to respond to the addition of
more than 2 equiv of Cu+. Probe 1 was superior to probe 2 in
sensitively detecting Cu+ in an aqueous solution because it
showed both strong Cu+ binding and AIE. Probe 3, which has
an octyl chain, displayed only weak/little AIE in its
fluorescence emissions upon Cu+ binding. In addition, it
contains a single binding site for copper(I) ions, which
dramatically reduces its binding affinity to Cu+. Consequently,
this probe was poor at effectively detecting Cu+ in aqueous
media. The LOD (20 nM) and Kd (1.1 × 10−12 M) calculated
for probe 1 were significantly better than the other values
reported to date. Such ultrahigh sensitivity and strong metal
ion binding can be achieved through the multiple favorable
properties of this probe, including its AIE effect and the
presence of two metal ion-binding sites. In addition, previously
reported probes were shown to be effective at Cu+ sensing up
to 1 equiv. addition of the metal ion due to their 1:1 binding
stoichiometry and the absence of AIE. In contrast, probe 1
successfully detected Cu+ in a wider range of concentrations
(up to 10 equiv) than previously reported probes.
Furthermore, this activity-based probe effectively detected
different Cu(I) levels between human lung cancer cells and
normal cells. Our results not only provide an excellent
showcase of chemical sensor development for Cu+ detection
but also introduce a probe with potential for studying copper
biology, cellular imaging, and early disease detection.

■ METHODS
LOD and Kd Calculations. The LOD was determined using

fluorescence titration data for each probe with Cu+ and the eq 3σ/S,

where σ and S represent the standard deviation of the blank
measurement and the slope of the linear fit between the fluorescence
intensity of the probe (1, 2, or 3) and [Cu+], respectively. The Kd was
determined using the equation (F − Fmin)/(Fmax − Fmin) = [Cu+]/(Kd
+ [Cu+]), where F is the fluorescence emission intensity in the
presence of Cu+, Fmax is the maximum fluorescence intensity of
[probe-Cu+] complex, and Fmin is the fluorescence intensity of free
probe 1.
Theoretical Calculations. Gradient-correlated DFT calculations

using Becke’s three-parameter exchange functional54 and the Lee−
Yang−Parr (B3LYP) exchange-correlation function55 with 6-31G*
basis sets for C, H, N, and O were used to obtain the energy-
minimized structures of the new probes (1−3) and their Cu+

complexes. The calculations were carried out under vacuum to
maintain simplicity. One or two H2O molecules were added to allow
Cu+ binding. The verification of all stationary points as minima was
achieved using Hessian and harmonic frequency analyses.56,57

Live Cell Imaging. HEL299, A549, SK-MEL-28, and MDA-MB-
231 cells were obtained from the Korean Cell Line Bank and grown in
a minimum essential medium supplemented with 10% fetal bovine
serum (FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin.
Cells were maintained in a humidified incubator at 37 °C with 5%
CO2. The day before probe treatment, 3 × 105 cells were seeded on
the 13 mm glass bottom of a 35-mm confocal dish and grown for 24 h
to 70−80% confluence. Experiments were performed in triplicate in
FBS and an antibiotic-free medium as follows. The three types of
cancer cells were incubated with CuCl2 (50 μM) at 37 °C with 5%
CO2 for 6 h, followed by two washes with 1× phosphate-buffered
saline (PBS) (pH 7.4). The cells were further incubated with probe 1
(5 μM) for 30 min under the same conditions and then washed three
times with 1× PBS. Confocal microscopy images were obtained with a
K1-Fluo confocal laser scanning microscope (Nanoscope Systems,
Daejeon, Korea) with a 20× oil immersion objective lens. Bright-field
images after treatment with probe 1 and CuCl2 indicated that the cells
were viable throughout the experiment. In these human cell lines
(HEL299, A549, SK-MEL-28, and MDA-MB-231 cells), probe 1 was
permissive and responsive to changes in the intracellular Cu(I) level
within living cells.
Cytotoxicity Test. The cytotoxicity of probe 1 was determined

using a water-soluble tetrazolium salt (WST)-1 cell proliferation
reagent purchased from Sigma-Aldrich. HEL299, A549, SK-MEL-28,
and MDA-MB-231 cells were cultured in a 96-well plate in a CO2
incubator for 24 h at 37 °C. Then, the media were replaced with fresh
media containing different concentrations of probe 1. After 3 h, the
cells were washed with Dulbecco’s PBS and incubated with WST-1
solution for 2 h. Absorption values at 480 and 660 nm were
determined by using a microplate reader (BioTek Instrument Inc.,
USA).
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