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ABSTRACT: Despite continuous active development of fluorescent probes for metal-ions, their 16 

molecular design for ratiometric detection is limited owing to a narrow choice of available sensing 17 

mechanisms. We present herein a dual-emission sensing platform for metal ions based on contact 18 

interaction between a coordinated metal ion and the aromatic ring of a fluorophore (i.e., arene–19 

metal-ion contact). Our structure-based ligand design provided a new probe possessing 1,9-bis(2′-20 

pyridyl)-2,5,8-triazanonane as the metal ion binding unit, which was flexibly concatenated to a 21 

tricyclic fluorophore. This molecular architecture allowed us to fluorescently sense various metal 22 

ions such as Zn(II), Cu(II), Cd(II), Ag(I), and Hg(II) with the red-shifted emissions. This probe 23 

design was applicable to a series of tricyclic fluorophores, enabling ratiometric detection of the 24 

metal ions across the blue to near-infrared wavelength region. X-ray crystallography and theoreti-25 

cal computational calculation indicated that the coordinated metal ion has van der Waals contact 26 

with the fluorophore, which perturbs its electronic structure and ring conformation to induce the 27 

emission red-shift. A set of the arene–metal-ion contact probes was used for the differential sensing 28 

of eight metal ions in a one-pot single titration via principal component analysis. Furthermore, the 29 

probe with a xanthene fluorophore was applicable to the ratio imaging of metal ions under live-30 

cell conditions. 31 

 32 

 33 

 34 



    Fluorescent molecular probes are essential research tools in many fields as they can provide 35 

sensitive and selective detection of chemical species in real time. Among their sensing targets, 36 

metal ions have attracted special interest because of their significant biological effects. For harmful, 37 

non-essential heavy metal ions (mercury, cadmium, lead, etc.), fluorescent probes serve as tools to 38 

understand their biological behaviors in animals and plants1, which occur as a result of unwanted 39 

uptake from the environment. Indeed, the detection of these harmful metal ions in organisms has 40 

been the subject of biological research for the last thirty years, and extensive studies are still being 41 

done to elucidate their multiple biological actions associated with their toxic effects.2,3 Meanwhile, 42 

monitoring toxic metal ion contamination in the environment is also an important task for preserv-43 

ing global health.4 For biologically relevant metal ions (calcium, zinc, copper, iron, etc.), detection 44 

of their localization and stimuli-dependent concentration change in live cell and tissue contexts 45 

facilitates understanding of their physiological and pathological roles.5-7 46 

     Fluorescent probes for metal ions are typically designed by connecting a coordination binding 47 

(ligand) unit to a luminescent sensing unit.8 Design of the coordination ligand with high selectivity 48 

and tuned binding affinity for a target metal ion has been well developed as a result of the accu-49 

mulated knowledge of coordination chemistry and supramolecular chemistry. Meanwhile, exploi-50 

tation of new mechanism for metal ion sensing, which can effectively transduce the metal ion 51 

binding event to a fluorescence signal change, is still a challenging task.9-10 The conventional and 52 

most widely used sensing mechanism for metal ions is PET (photoinduced electron transfer).11 53 

AIE (aggregation-induced emission)12 and chemical reaction-based mechanisms (i.e., activity-54 

based sensing)9,10,13 have also been exploited for metal ion sensing in recent years. In addition to 55 

these off-on type fluorescence sensing mechanisms, PCT (photoinduced charge transfer)14 and 56 

FRET (fluorescence energy transfer)15 have been used for the dual-emission ratiometric sensing 57 

of metal ions. However, they have rather limited utility as the former can only work with a limited 58 

class of fluorophores and the latter demands a complex probe structure owing to the necessity of 59 

using two fluorophores. Given these limitations that restrict broader application of fluorescent 60 

probes for quantitative and accurate ratiometric analysis,16 there still exists a need for new molec-61 

ular system for the ratiometric detection of metal ions. We envisioned that such new sensing sys-62 

tem should (1) work flexibly with different types of fluorophores, (2) function effectively within 63 

simple molecular architectures, and (3) be broadly applicable to various metal ion sensing. These 64 

desirable functions would facilitate not only quantitatively detect various metal ions at a desired 65 

wavelength but also identification of a specific metal ion with high accuracy. In this article, we 66 

report the new ratiometric fluorescent probes for metal ions based on contact interaction between 67 

the coordinated metal ion and the aromatic ring of the fluorophore (i.e., arene–metal-ion contact). 68 



Introduction of a semicyclic ligand to a tricyclic fluorophore provided a designer probe, which 69 

forms an arene–metal-ion van der Waals contact (AM-contact) upon coordination to cause an 70 

emission red-shift. We found that this probe design is broadly applicable to various tricyclic fluor-71 

ophores, the emissions of which cover a broad wavelength range of over 400 nm. A set of the AM-72 

contact probes provided a multicolor fluorescence sensing system, which enabled us to distinguish 73 

several metal ions by one-pot single titration and principal component analysis (PCA). Probe with 74 

the xanthene fluorophore was also applicable to the ratiometric detection of various metal ions 75 

under live-cell conditions. These analytical applications demonstrate the broad utility of AM-76 

contact sensing in fluorescence metal ion analyses. 77 

 78 

Design of fluorescent probes 79 

 80 

Figure 1. General designs (upper) and molecular structures (lower) of tricyclic fluorescent probes 81 

for metal ion sensing based on arene–metal-ion contact (AM-contact). 82 

 83 

We previously reported that a Type-I probe serves as the ratiometric fluorescent chemosensor 84 

for metal ions based on AM-contact sensing (Figure 1).17 For example, probe 1, bearing two sets 85 

of 2,2′-dipicolylamine (i.e., R = 2-pyridyl), exhibited a large emission red-shift upon binding with 86 

Cd(II), which was induced by forming van der Waals contact between the C9 carbon of the fluor-87 

ophore and the metal ion in a 1:1 binding complex. However, while Type-I probes fluorescently 88 

responded to 4d- and 5d-block metal ions such as Cd(II), Ag(I), and Hg(II), they did not show an 89 

emission shift with 3d-block metal ions such as Zn(II). This limitation was mainly ascribed to the 90 

unfavorable formation of 1:2 binding complex with the rather small 3d-block metal ions at the 91 

ligand sites, which prohibited the van der Waals contact with the fluorophore. To solve this prob-92 

lem, we designed a Type-II probe (Figure 1) possessing a single tetra-aza cyclic ligand.18,19 It was 93 
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expected that the Type-II probe would preferably form close van der Waals contact in a 1:1 metal 94 

ion complex. However, Type-II probes 2–4 were not able to fluorescently respond to most of the 95 

3d-block metal ions such as Cr(II), Mn(II), Co(II), Ni(II), Zn(II), Ag(I), Cd(II), and Pb(II), with 96 

the exception of Cu(II) (Figure S1, Table S1). In the case of Cu(II), the probes decreased their 97 

fluorescence intensities without emission shift. We concluded that these unwanted results were 98 

primarily a result of the weak metal ion coordination ability of the conformationally constrained 99 

aza-cyclic ligands, which are concatenated to an anthracene ring at the 1,8-position. We next de-100 

signed a Type-III probe, which possessed a conformationally more flexible semicyclic ligand (Fig-101 

ure 1). Probes 5–7, each bearing a different semicyclic ligand, were synthesized according to stand-102 

ard methods, and their fluorescence response toward metal ions was evaluated under aqueous 103 

MeOH conditions (50 mM HEPES (pH 7.4)/MeOH = 1:1). 104 

 105 

 106 

Figure 2. Fluorescence and absorption spectral changes of probe 5 upon addition of ZnCl2 (a and 107 

c) or CdCl2 (b and d). Measurement conditions: [5] = 25 µM, [ZnCl2 or CdCl2] = 0−30 µM, 50 108 

mM HEPES (pH 7.4)/MeOH = 1:1, lex = 365 nm, 25 °C. 109 

 110 

To our delight, probe 5 bearing a 1,9-bis(2′-pyridyl)-2,5,8-triazanonane (BPTN) ligand exhibited 111 

a significant emission red-shift (DF = 14 nm) upon the addition of Zn(II) (Figure 2a). The fluores-112 

cence change of 5 was concomitant with a bathochromic absorption shift (DAbs = 6 nm) (Figure 113 



2c), suggesting that the Zn(II) coordination influences the electrophysical property of the anthra-114 

cene in the ground state. The fluorescence molar ratio plot clearly suggests that 5 forms a 1:1 115 

binding complex with Zn(II) (Figure S2). The binding affinity of 5 to Zn(II) was 2.70 × 106 M-1 as 116 

evaluated by fluorescence titration (Figure S3, Table S2). Conversely, probes 6 and 7 showed 117 

negligible emission shift upon the addition of Zn(II) (Figure S4). Probe 5 also displayed a large 118 

emission red-shift (DF = 65 nm) and a bathochromic absorption shift (DAbs = 5 nm) (Figure 2b,d) 119 

upon complexation with Cd(II) (Ka = 9.50 × 106 M-1) (Figure S3, Table S2), while 6 and 7 showed 120 

smaller emission shifts (DF = 6 and 12.5 nm, respectively) compared with 5 (Figure S4). 121 

 122 

Ratiometric sensing with various fluorophores 123 

    We next replaced the anthracene of 5 with other tricyclic fluorophores and evaluated the fluo-124 

rescence sensing properties of this series of Type-III probes (Figure 3). Probes 8–11 possess the 125 

fluorophores coumarin, xanthene, pyronine, and Si-pyronine, respectively. The emission wave-126 

lengths of 5 and 8–11 cover a wide range from 380 to 800 nm. In addition to the difference in the 127 

emission wavelength, structural analysis of the fluorophores by density functional theory (DFT) 128 

suggested that the distance between the two methyl groups at their 1,8-positions (4,6-position in 129 

the case of coumarin 8) varies from 4.64 to 5.21 Å (Figure 3). We expected that this structural 130 

difference could also affect the sensing and binding properties of the Type-III probes to metal ions. 131 

The detailed synthetic procedures and characterizations of the probes are described in the support-132 

ing information. The absorbance and fluorescence properties of the probes are summarized in Ta-133 

ble 1.  134 

 135 

 136 

Figure 3. Structures and fluorescence spectroscopic properties of tricyclic fluorophore probes 137 

bearing a BPTN ligand. 138 
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Table 1. Summary of optical properties of Type-III probes 5 and 8–11.a 140 

 141 

 142 

 143 

 144 

 145 

aAll measurements were conducted in 50 mM HEPES (pH 7.4)/MeOH = 1:1, 25 °C. 146 

 147 

 148 

Figure 4. Fluorescence spectral changes of probes 8–11 (from left to right) upon addition of ZnCl2 149 

(a–d) or CdCl2 (e–h). Measurement conditions: [probe] = 5 µM (9, 10, 11) or 10 µM (8), 50 mM 150 

HEPES (pH 7.4)/MeOH = 1:1, 25 °C. 151 

 152 

Figure 4 shows the fluorescence spectra changes of 8–11 in titrations with Zn(II) and Cd(II) under 153 

aqueous MeOH conditions (50 mM HEPES (pH 7.4)/MeOH = 1:1). Xanthene 9 and pyronine 10 154 

exhibited the largest emission red-shifts (DF = 27 and 25 nm, respectively) in the titration with 155 

Zn(II), while the wavelength shift of coumarin 8 was rather small (DF = 5 nm) (Table 2). Si-156 

pyronine 11 exhibited a moderate emission red-shift (DF = 10 nm) in the near-infrared wavelength 157 

region (685 ® 695 nm) upon coordination with Zn(II). The coordination of Cd(II) also induced a 158 

clear emission red-shift in the case of 9, 10, and 11 (DF = 27, 28, and 14 nm, respectively), while 159 

the wavelength shift of 8 was rather small (DF = 4 nm) as observed in the Zn(II) titration. It should 160 

be noted that all the probes showed bathochromic absorption shifts upon coordination with Zn(II) 161 

 labs,max (nm) e (cm-1
·M-1) lem,max (nm) F 

5 367 8,500 414 0.03 

8 408 19,500 490 0.50 

9 511 66,000 528 0.24 

10 567 138,000 591 0.53 

11 664 138,500 687 0.30 



and Cd(II) (Figure S5, Table S3). Interestingly, the binding affinity for Zn(II) varied depending on 162 

the fluorophore (Table S2). That is, anthracene 5 had the highest binding affinity (Ka = 2.7 × 106 163 

M-1), which is ca. 4- and ca. 50-fold stronger than that of xanthene 9 (Ka = 6.5 × 105 M-1) and 164 

pyronine 10 (Ka = 5.0 × 104 M-1), respectively. This binding affinity order was almost the same as 165 

that with Cd(II) (Table S2). The weak binding affinities of pyronine 10 could be ascribed to the 166 

long distance between the two 1,8-methylene carbons on the pyronine fluorophore (Figure 3), 167 

which may reduce the conformational flexibility of the BPTN ligand required for the coordination. 168 

 169 

Table 2. Summary of fluorescence emission shifts of probes 5 and 8–11 upon addition of various 170 

metal ions.a 171 

Probe Cr3+ Mn2+ Co2+ Ni2+ 

(1.63 Å)b 

Cu2+ 

(1.40 Å)b 

Zn2+ 

(1.39 Å)b 

Ag+ 

(1.72 Å)b 

Cd2+ 

(1.62 Å)b 

Hg2+ 

(1.70 Å)b 

Pb2+ 

(2.02 Å)b 

5 -c -c <3 <3 <3 13 69 63 45 33 

8 -c -c <3 <3 <3 5 <3 4 <3 <3 

9 -c  -c <3 <3 (3)d 25 (24) d 27 (25)d 8 (25) d 27 (25) d 34 <3 

10 -c -c <3 <3 30 25 15 28 35 <3 

11 -c -c 8 <3 13 10 4 14 16 <3 

aFluorescence titration was conducted under aqueous MeOH conditions (50 mM HEPES (pH 7.4)/MeOH = 1:1). 172 

bValue in the parenthesis is the Van der Waals radius of metal ion. cNegligible fluorescence intensity change and 173 

emission shift were observed. dValue in the parenthesis is the fluorescence emission shift observed under aqueous 174 

buffer conditions (50 mM HEPES, pH 7.4). 175 

 176 

We further investigated the fluorescence sensing properties of the probes toward other metal 177 

ions. All titrations were carried out under aqueous MeOH conditions (50 mM HEPES (pH 178 

7.4)/MeOH = 1:1) to avoid aggregation of the metal complex. Table 2 and Figure S6 summarize 179 

the maximum emission red-shifts (DF) of 5 and 8–11 at the saturation point of the titration with 180 

metal ions. All the probes except for coumarin 8 showed significant emission red-shifts upon co-181 

ordination with 4d- and 5d-block metal ions such as Ag(I), Cd(II), and Hg(II). In the titration with 182 

Cu(II), 9–11 also showed significant emission red-shifts along with a large decrease in the fluo-183 

rescence (Figure S9–S11). Conversely, anthracene 5 did not show an emission shift upon binding 184 

with Cu(II) (Figure S7), even though a substantial bathochromic shift (DAbs = 6 nm) was observed 185 

in the absorption titration with Cu(II) (Table S3). This observation could be explained by a very 186 

weak fluorescence emission of the copper complex of 5 as a result of the strong quenching effect 187 

of Cu(II). Similarly, 5 and 11 showed negligible emission red-shifts in the titration with Ni(II) and 188 

Co(II), while their absorption wavelengths were clearly shifted (DAbs = 6–15 nm) (Table S3). The 189 



metal ion titration was also conducted under aqueous buffer conditions (50 mM HEPES, pH 7.4) 190 

using the highly water-soluble probe 9. Probe 9 exhibited a large emission red-shift upon binding 191 

with Cu(II), Zn(II), Ag(II), and Cd(II) (Table S2). The small emission red-shifts of coumarin 8 192 

toward all the metal ions tested (Figure S8) might be attributed to the formation of an intramolec-193 

ular charge transfer excited state, which cancels out the change in the photophysical property of 194 

the coumarin fluorophore induced by AM-contact. Another explanation for the small emission 195 

shifts of 8 might be an intrinsic low contact ability of the coumarin fluorophore because of its low 196 

electron density, as suggested by Hancock et al.20 197 

 198 

X-ray structures of the metal ion complexes 199 

The structures of the metal ion complexes of probe 5 were analyzed by X-ray crystallography 200 

(Figure 5, Figure S12, Table S4). The zinc complex 5-Zn(II) has a square pyramidal coordination 201 

geometry and the five nitrogen atoms are coordinated to the Zn(II) ion (Figure 5a). The distance 202 

between Zn(II) and the adjacent C9 carbon atom is 2.96 Å, which is shorter than the sum of the 203 

van der Waals radii of Zn(II) (1.39 Å) and the aromatic carbon (1.77 Å) (Table S5).21 Figure 5b is 204 

the cross-sectional view of the 5-Zn(II) complex, which clearly shows the van der Waals contact 205 

between the Zn(II) ion and the C9 carbon. Interestingly, this close contact induces bending of the 206 

C9−H bond by 6.9° from the π plane of the anthracene ring toward the side opposite of Zn(II). Van 207 

der Waals contact between the metal ion and fluorophore was also observed in 5-Cd(II) and 5-208 

Ag(I) (Figure 5c,d). 5-Cd(II) has a square pyramidal coordination geometry, and the distance be-209 

tween Cd(II) and the C9 carbon atom is 3.01 Å, which is shorter than the sum of the van der Waals 210 

radii of Cd(II) (1.58 Å) and the aromatic carbon (1.77 Å). 5-Ag(I) has a trigonal pyramidal coor-211 

dination geometry, in which one aliphatic nitrogen atom of the BPTN ligand does not coordinate 212 

to Ag(I). Although the distance between Ag(I) and the C9 carbon atom is rather long (3.28 Å), 213 

they still form a van der Waals contact owing to the large van der Waals radius of Ag(I) (1.72 Å). 214 

In contrast to 5-Zn(II), the bending of the C9−H bond from the π plane of the anthracene ring in 215 

5-Cd(II) and 5-Ag(I) is negligible. 5-Cu(II) has a square planer coordination geometry, in which 216 

the distance between Cu(II) and the C9 carbon atom is 3.14 Å (Figure 5e). Although this distance 217 

is only slightly shorter than the sum of the van der Waals radii of Cu(II) (1.40 Å) and the aromatic 218 

carbon (1.77 Å),  the coordination of Cu(II) induced the substantial absorption shift (DAbs = 6 nm) 219 

of 5 (Table S3). It is also worth noting that the conformation of the BPTN ligand is sufficiently 220 

flexible to coordinate metal ions with different radii; the distance between the N3′ nitrogen and 221 

N9′ nitrogen of the BPTN unit varied from 4.22 to 4.54 Å depending on the metal ion (Table S5), 222 



accommodating the coordinated metal ions at the close position of the anthracene ring to induce 223 

the emission red-shift. 224 

 225 

Figure 5. X-ray structures of the metal ion complexes 5-Mn+ (Mn+ = Zn2+, Cd2+, Ag+, or Cu2+). (a) 226 

ORTEP diagram (50% probability ellipsoids) of 5-Zn2+ (C32H32N4O8Cl2Zn). The perchlorate ani-227 

ons are omitted for clarity. (b-e) Cross-sectional views of the metal ion complexes of 5. 228 

 229 

Computational analysis of AM-contact sensing 230 

To understand the theoretical mechanism of AM-contact sensing, we performed electronic-231 

structure calculations for the selected probes and their zinc ion complexes. The low-lying excited 232 

states of xanthene probe 9 and its zinc complex 9-Zn(II) were initially calculated with the time-233 

dependent density functional theory (TDDFT) method (Table 3). The S0→S1 transition energy of 234 

9 was DE = 2.978 eV in water, which is smaller than that of 9-Zn(II) (DE = 2.733 eV). This result 235 

reproduces the experimentally observed red-shift of the absorption band [2.426 eV (511 nm) → 236 

2.380 eV (521 nm)] induced by Zn(II) ion coordination. Table S6 summarizes the HOMO and 237 

LUMO energy levels of 9 and 9-Zn(II). The HOMO-LUMO energy gap of 9 (DE = 2.978 eV) 238 

decreases upon complexation with Zn(II) in water (DDE = 0.245 eV). A TDDFT calculation was 239 

also conducted by replacing the zinc ion of 9-Zn(II) with a positive charge (PC) of +1.0e (1PC) 240 

and +2.0e (2PC) (Table 3). The S0→S1 transitions of 9+PC(1.0) and 9+2PC(2.0) were calculated 241 

to be 2.827 and 2.360 eV, respectively, under vacuum conditions, which are lower than that of 9 242 

(DE = 3.015 eV). The decrease of the S0→S1 transition energy was also induced by the coordina-243 

tion of other metal cations such as Na(I) and Ca(II) to 9 (Table S7). These results all suggest that 244 

electrostatic interaction with the positively charged Zn(II) influences the photophysical property 245 
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of 9, leading to the coordination-induced emission red-shift in 9-Zn(II). This prediction is con-246 

sistent with that previously reported for the Cd(II) and Ag(I) complexes of the Type-I probes.17   247 

 248 

Table 3. Summary of the S0-S1 excitation state of the probes with or without zinc ion/pos-249 

itive charge (PC) coordination. 250 

species 
optimized ge-
ometrya 

environment 
S0-S1 excitation 

DE (eV) l (nm) f 

9 9 waterb 2.978 416.3 0.808 

9+Zn(II) 9 water b 2.733 453.6 0.618 

9 9 vacuum 3.015 411.2 0.661 

9+PC(0.0) 9-Zn(II) vacuum 3.003 412.9 0.570 

9+PC(1.0) 9-Zn(II) vacuum 2.827 438.6 0.491 

9+PC(2.0) 9-Zn(II) vacuum 2.360 525.3 0.098 

5 5 waterb 3.596 344.8 0.163 

5+Zn(II) 5 waterb 3.520 352.2 0.152 

5 5 vacuum 3.626 341.9 0.130 

5+PC(0.0) 5-Zn(II) vacuum 3.549 349.3 0.113 

5+PC(1.0) 5-Zn(II) vacuum 3.576 346.7 0.114 

5+PC(2.0) 5-Zn(II) vacuum 3.555 348.8 0.112 

aGeometry optimization was performed for a molecule in vacuum. bThe solvent effect  251 

was taken into account using the polarizable continuum model. 252 

 253 

In the case of the anthracene probe 5, the S0→S1 transition energy in water was calculated to 254 

be 3.596 eV (Table 3). This value was reduced to 3.520 eV in the zinc complex 5-Zn(II). This 255 

trend in the narrowing of the energy gap agrees with the experimentally observed red-shift of the 256 

absorption band [3.378 eV (367 nm) → 3.324 eV (373 nm)] induced by zinc coordination. In the 257 

calculation with positive charge, the S0→S1 transition energy of 5-PC(1.0) was calculated to be 258 

3.576 eV under vacuum conditions, which is lower than that of 5 (DE = 3.626 eV) in vacuum. This 259 

result is consistent with the emission red-shift observed for the zinc coordination of 5. Interestingly, 260 

when the calculation was conducted for 5-PC(0.0), which possesses the optimized geometry of 5-261 

Zn(II) with a bent C9-H bond, the S0→S1 transition energy was calculated to be 3.549 eV. This 262 

value is smaller than that of 5-PC(1.0) with the same geometry (DE = 3.576 eV), contradicting the 263 

experimental result of the zinc coordination of 5. This implies that the emission red-shift of 5 can 264 

be induced not only by the electronic perturbation of the positively charged zinc ion, but also by 265 

the deformation of the anthracene ring as observed in the X-ray crystallography of 5-Zn(II) (Figure 266 

5b). This hypothesis was also proposed for the Ag(I) complex of a Type-II probe in our previous 267 

paper.22  268 

 269 



Differential sensing of metal ions 270 

Although the Type-III probes bearing a BPTN ligand can sense various metal ions, discrimi-271 

nation of individual metal ions is also of great importance in the fields of applied chemistry such 272 

as environmental monitoring, metal ion toxicology, and bioinorganic chemistry. In recent years, 273 

several types of fluorescence sensor arrays capable of distinguishing sets of metal ions have been 274 

reported.23-26 These systems employ a series of cross-reactive sensors for metal ions, which pro-275 

duce a data set of the fluorescence signal change. Applying statistical analysis to the data enables 276 

unambiguous identification of the metal ions. We expected that the probes using AM-contact sens-277 

ing would also be applicable to differential metal ion detection. In particular, we aimed to construct 278 

a one-pot multicolor fluorescence sensing system comprising a set of the probes, which fluoresce 279 

at different wavelengths. It was anticipated that this type of sensing system would allow us to avoid 280 

repeated measurements, which are usually necessitated in sensor array detection. 281 

 282 

Figure 6. Multicolor fluorescence sensing of metal ions. (a) Fluorescence spectral change of the 283 

set of probes 5, 9, 10, and 11 upon addition of ZnCl2 (0−30 µM). (b) Fluorescence spectral change 284 
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of the set of probes upon addition of various metal ions (30 µM). (c) PCA plot of the two principle 285 

components (PC1 and PC2) for eight metal ions (30 µM). Measurement conditions: [5, 9, 10] = 2 286 

µM, [11] = 4 µM, 50 mM HEPES (pH 7.4)/MeOH = 1:1, 25 °C. lex = 254 nm. 287 

 288 

 As a proof-of-concept experiment, we employed the probes 5, 9, 10, and 11 for multicolor metal 289 

ion sensing. A solution containing the set of probes (2 µM of 5, 9, and 10, and 4 µM of 11) displayed 290 

a complicated emission spectrum from 380 to 750 nm (Figure 6a) when excited at 254 nm. The 291 

addition of Zn(II) (0-30 µM) induced a clear spectral change as a result of the dual emission re-292 

sponses of each probe to provide a unique emission spectrum, which is distinct from the initial 293 

spectrum. Titration with other metal ions such as Co(II), Ni(II), Cu(II), Cd(II), Ag(I), Hg(II), and 294 

Pb(II) also provided the unique emission spectral changes (Figure 6b). Each spectral pattern was 295 

recorded at eight wavelengths to provide emission ratio values of F450/F414, F550/F525, F615/F589, and 296 

F690/F679, as well as emission intensity change F/Fo values at 414, 525, 589, and 679 nm as a set of 297 

signal outputs. By analyzing these data set using PCA, we were able to differentiate the eight metal 298 

ions at 30 µM on a two-dimensional dispersion graph (Figure 6c). PCA analysis was further applied 299 

to the output data of the concentration-dependent fluorescence spectral change. The two-dimen-300 

sional dispersion graph revealed that the probe set can distinguish the four metal ions Zn(II), Cu(II), 301 

Cd(II), and Hg(II) in concentrations from 1 to 30 µM (Figure S13).  302 

 303 

Ratio imaging of metal ions in live cells 304 

We next set out to examine the utility of the xanthene-type probe for ratiometric fluorescence 305 

imaging of metal ions in living cells (Figure 7). For this purpose, we designed probe 12, which 306 

possesses the lipophilic O-p-acetoxy benzyl and N-ethoxyethyl groups (Figure 7a). These substit-307 

uents were introduced to increase the membrane permeability of 9. We confirmed that probe 13, 308 

which is obtained from 12 by hydrolysis, exhibits a clear dual emission change and a significant 309 

increase of the fluorescence intensity ratio (F550nm / F520nm) upon addition of ZnCl2 under the neu-310 

tral aqueous solution (50 mM HEPES, 100 mM NaCl, pH 7.4) (Figure 7b, 7c). The binding affinity 311 

of 13 toward Zn(II) was evaluated to be 6.1 x 106 M-1 under the same aqueous conditions (Figure 312 

S14). When HeLa cells were treated with 5 µM of 12 in HBS buffer, bright fluorescence from the 313 

xanthene fluorophore was observed inside the cells (Figure 7d). It was evident that non-fluorescent 314 

12 penetrated into the cells and was hydrolyzed to fluorescent 13 by intracellular esterase. Treat-315 

ment of the cells with 5 µM of zinc chloride in the presence of pyrithione (100 µM) induced a 316 

significant fluorescence increase at 540–630 nm (F540-630 nm). Ratiometric fluorescence analysis 317 

revealed that the ratio value (F540-630 nm/F500-530 nm) gradually increased in a time-dependent manner. 318 



Live-cell imaging was further conducted for other metal ions such as Cu(II), Cd(II), and Hg(II). 319 

As shown in Figure 7e, the fluorescence ratio was changed inside the cells upon the addition of 5 320 

µM of Cd(II) and Cu(II), while the change was rather small in the case of Hg(II). These results 321 

demonstrated that AM-contact sensing works in living cells to enable ratio imaging of the metal 322 

ions.    323 

 324 

Figure 7. Ratiometric fluorescence detection of metal ions in living cells. (a) Structures of probe 325 

12 and its hydrolyzed product 13. (b) Fluorescence spectral change of 13 upon addition of ZnCl2. 326 

Measurement conditions: [13] = 1 µM , [ZnCl2] = 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, 2 µM, 50 mM 327 

HEPES 100 mM NaCl, pH 7.4, 25 °C, lex = 488 nm.  (c) Plot of the fluorescence intensity ratio 328 

(F550nm / F520 nm) of 13 upon addition of ZnCl2. (d) Time-lapse images of Zn(II) inside HeLa cells. 329 

The cells were incubated with probe 12 (5 µM) followed by the treatment with ZnCl2 (5 µM) in 330 

the presence of pyrithione (100 µM). The ratio images were obtained from the imaging data ac-331 

quired at two detection channels (F540-630 nm and F500-530 nm). (e) Ratiometric detection of various 332 

metal ions in HeLa cells. The fluorescence images were acquired at 5 min after the treatment of 333 

the cells with each metal ion (5 µM) in the presence of pyrithione (100 µM).334 

 335 

Discussion  336 

 Chelation-induced PCT is the most widely used sensing mechanism in the development of rati-337 

ometric fluorescent probes for metal ions. In a probe implemented with this mechanism, the 338 
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fluorophore must have a heteroatom (N, O, S, etc.) directly connected to or incorporated in its p-339 

electron system, which undergoes a change in its electronic structure upon coordination with a metal 340 

ion, resulting in an emission wavelength shift. Unfortunately, this structural requirement limits the 341 

choice of fluorophores available for the ratiometric fluorescence sensing of metal ions. FRET is less 342 

frequently employed in the design of ratiometric fluorescence probes for metal ions because the 343 

FRET system requires two fluorophores within one molecule, making it difficult to design a probe 344 

with the proper function. The large molecular size of the FRET-type probe also inhibits its aqueous 345 

solubility and cell membrane permeability in live-cell imaging. In contrast to these existing systems, 346 

AM-contact sensing does not have such structural limitations and requirements because it utilizes 347 

the spatial proximity between the fluorophore and metal ion, allowing a variety of fluorophores to 348 

be employed in a simple molecular architecture. Indeed, we clearly demonstrated in this study that 349 

AM-contact sensing could operate with various tricyclic fluorophores bearing a BPTN ligand. 350 

Our previous results17,22 and reports by Czarnik27 and Hancock20,28,29 suggested that the contact-351 

induced emission shift was limited to rather large 4d- and 5d-block metal ions such as Cd(II) and 352 

Ag(I). In this paper, we demonstrated for the first time that AM-contact sensing could also work with 353 

the smaller 3d-block metal ions such as Zn(II) and Cu(II). This was possible due to the molecular 354 

design of the Type-III probe, which employs the semicyclic BPTN as a metal ligand unit. X-ray 355 

crystallography of the metal ion complexes of 5 revealed that the BPTN ligand places a metal ion on 356 

the upper edge of the anthracene p-plane to facilitate van der Waals contact between them. Compu-357 

tational analysis suggested that electrostatic interaction between the fluorophore and the adjacent 358 

metal ion largely contributes to the emission red-shift (Figure 5). It is reasonable to assume that this 359 

electrostatic interaction can effectively work in a coordination complex wherein the metal ion is 360 

located close to the fluorophore, within their van der Walls radii. The computational analyses further 361 

suggested that the bend of the C9-H  bond in the anthracene ring, which was observed in the zinc 362 

complex of 5, also contributes to the emission red-shift as a result of the change in the electronic 363 

structure of the fluorophore. We propose at this stage that these two structural perturbations (i.e., 364 

electrostatic interaction with metal ion and deformation of aromatic ring) contribute to the emission 365 

shift in AM-contact sensing using the Type-III probes. 366 

We have demonstrated the utility of AM-contact sensing in two analytical applications: multi-367 

color differential sensing of metal ions based on PCA analysis and ratio imaging of metal ions in 368 

living cells. Both applications took full advantage of the unique properties of AM-contact sensing, 369 

including high compatibility with various fluorophores, broad applicability to different metal ions, 370 

and a clear ratiometric emission change. We expect that further refinement of the probe architecture, 371 

especially in the metal binding unit, will provide more sophisticated fluorescent probes with larger 372 

emission shifts and higher metal ion selectivities. We also envision that AM-contact sensing will be 373 

applicable to a broader range of metal ions, including alkaline and alkaline-earth metal ions, under 374 
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various analytical settings.30 Finally, we envisage that the utility of AM-contact sensing can be fur-375 

ther extended to the dual-emission sensing of anions31 and organic molecules32 if their coordination 376 

to the metal ion can perturb close contact between the fluorophore and the coordinated metal ion.   377 

 378 

 379 

Methods 380 

Metal ion titration 381 

Fluorescence spectrum was recorded on PerkinElmer LS-55 spectrofluorophotometer.  Absorption 382 

spectrum was measured using Shimadzu UV-2600 spectrophotometer. In typical titration experiment, 383 

probe solution (25 µM of 5, 10 µM of 8, or 5 µM of 9, 10, 11) in 50 mM HEPES buffer (pH = 7.4) : 384 

MeOH = 1 : 1 was titrated with aqueous stock solution of metal ion in a quartz cell at 25 °C. The 385 

fluorescence and absorption spectra were measured at 5 min after addition of the metal ion at each 386 

titration point. In the fluorescence titration, probes 5, 8, 9, 10, 11 were excited at 365, 410, 488, 578, 387 

674 nm, respectively. The plot of the fluorescence intensity at the maximum emission wavelength was 388 

analyzed by nonlinear least-square curve fitting to obtain the binding constant (Ka, M-1). 389 

Determination of fluorescence quantum yield (Φ) 390 

Fluorescence quantum yields (Φ) of the probes were determined in 50 mM HEPES buffer (pH = 7.4) : 391 

methanol = 1 : 1 using quinine sulfate (Φ = 0.55) for 5 and 8, fluorescein (Φ = 0.95) for 9, Rhodamine 392 

6G (Φ = 0.95) for 10 and NileBlue (Φ = 0.95) for 11 as the fluorescence quantum yield standards. 393 

Multicolor fluorescence sensing of metal ions 394 

Metal ion titration was carried out in aqueous-methanol solvent (50 mM HEPES buffer (pH = 7.4) : 395 

methanol = 1 : 1) containing the set of the probes (2 µM of 5, 9, 10 and 4 µM of 11). After addition of 396 

the metal ions, the fluorescence spectra were recorded on PerkinElmer LS-55 spectrofluorophotometer 397 

at 25 °C (λex = 254 nm). Principal component analysis (PCA) was performed with Microsoft Excel 398 

2011 using the data set of the emission intensity change (F/F0 at 414, 525, 589, 679 nm) and the 399 

emission ratios (F450/F414, F550/F525, F615/F589, F690/F679).  400 

X-ray crystallography 401 

All the metal ion complexes of 5 were crystallized from MeOH/CH3CN = 3 : 1 at 30 °C. The X-ray 402 

data were collected on a Bruker AXS APEX II diffractometer with graphite monochromated MoKa 403 

radiation (λ = 0.71069 Å). The structures were solved by the direct method and refined anisotropically 404 

for non-hydrogen atoms by full-matrix least-squares calculations. The crystallographic calculations 405 

were performed by using the Crystal structure software package of the Rigaku Corporation. The 406 

CCDC deposition numbers of the crystallographic data are as follows: 5-Zn(II); 1993118, 5-Cd(II); 407 

1993119, 5-Ag(I); 1993120, 5-Cu(II); 1993121.  408 

Theoretical computational analysis 409 
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Density functional theory (DFT) was applied to investigate the electronic origin of the spectral shift 410 

induced in the metal complexes. In the calculation, the CAM-B3LYP functional was applied to de-411 

scribe the exchange-correlation term. This calculation was carried out for molecules in a vacuum with 412 

the default computational parameters in Gaussian09. In order to calculate the excited states, the 413 

TDDFT method was applied to obtain the lower 20 states. The Kohn–Sham orbitals were described 414 

with the Gaussian basis sets. For all the elements, we used the 6-31G(d,p) and the 6-31+G(d,p) basis 415 

sets for optimization. The solvent effect was taken into account by using the polarized continuum 416 

model for water as the solvent. 417 

Cell culture 418 

HeLa cells were cultured in high-glucose Dulbecco’s Modified Eagle medium (DMEM, 4.5 g of glu-419 

cose/L, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/mL) 420 

and streptomycin (100 µg/mL) under humidified atmosphere of 5% CO2 in air. Subculture was per-421 

formed every 3-4 days from subconfluent (~ 80%) cultures using trypsin-EDTA solution. 422 

Ratiometric fluorescence imaging of metal ions in living cells 423 

HeLa cells (1x105) were cultured on 3.5 cm glass-based dish (Iwaki) for 2 days at 37 °C in CO2 incu-424 

bator. The cells were washed with HBS (20 mM HEPES, 107 mM NaCl, 6 mM KCl, 1.2 mM MgSO4, 425 

2 mM CaCl2, 11.5 mM glucose, adjusted to pH 7.4 with NaOH) twice and pre-treated with probe 12 426 

(5 µM) in HBS(+) for 20 min at 37 °C. After washed with HBS (+), the cells were treated with HBS 427 

containing pyrithione (100 µM) and each metal ion (5 µM) for 30 min at 37 °C and subjected to 428 

fluorescence imaging with confocal microscopy (TCS SP8, Leica Microsystems) equipped with HyD 429 

detector (λex = 488 nm). 430 

 431 

 432 

Data availability  433 

The authors declare that all data supporting the findings of this study are available within the article 434 

and Supplementary Information files, and from the corresponding author on request.  435 
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Figures

Figure 1

General designs (upper) and molecular structures (lower) of tricyclic �uorescent probes for metal ion
sensing based on arene–metal-ion contact (AM-contact).



Figure 2

Fluorescence and absorption spectral changes of probe 5 upon addition of ZnCl2 (a and c) or CdCl2 (b
and d). Measurement conditions: [5] = 25 μM, [ZnCl2 or CdCl2] = 0−30 μM, 50 mM HEPES (pH 7.4)/MeOH
= 1:1, lex = 365 nm, 25 °C.



Figure 3

Structures and �uorescence spectroscopic properties of tricyclic �uorophore probes bearing a BPTN
ligand.

Figure 4

Fluorescence spectral changes of probes 8–11 (from left to right) upon addition of ZnCl2 (a–d) or CdCl2
(e–h). Measurement conditions: [probe] = 5 μM (9, 10, 11) or 10 μM (8), 50 mM HEPES (pH 7.4)/MeOH =
1:1, 25 °C.



Figure 5

X-ray structures of the metal ion complexes 5-Mn+ (Mn+ = Zn2+, Cd2+, Ag+, or Cu2+). (a) ORTEP diagram
(50% probability ellipsoids) of 5-Zn2+ (C32H32N4O8Cl2Zn). The perchlorate anions are omitted for
clarity. (b-e) Cross-sectional views of the metal ion complexes of 5.



Figure 6

Multicolor �uorescence sensing of metal ions. (a) Fluorescence spectral change of the set of probes 5, 9,
10, and 11 upon addition of ZnCl2 (0−30 μM). (b) Fluorescence spectral change of the set of probes upon
addition of various metal ions (30 μM). (c) PCA plot of the two principle components (PC1 and PC2) for
eight metal ions (30 μM). Measurement conditions: [5, 9, 10] = 2 μM, [11] = 4 μM, 50 mM HEPES (pH
7.4)/MeOH = 1:1, 25 °C. lex = 254 nm.



Figure 7

Ratiometric �uorescence detection of metal ions in living cells. (a) Structures of probe 12 and its
hydrolyzed product 13. (b) Fluorescence spectral change of 13 upon addition of ZnCl2. Measurement
conditions: [13] = 1 μM , [ZnCl2] = 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, 2 μM, 50 mM HEPES 100 mM NaCl, pH 7.4,
25 °C, lex = 488 nm. (c) Plot of the �uorescence intensity ratio (F550nm / F520 nm) of 13 upon addition
of ZnCl2. (d) Time-lapse images of Zn(II) inside HeLa cells. The cells were incubated with probe 12 (5
μM) followed by the treatment with ZnCl2 (5 μM) in the presence of pyrithione (100 μM). The ratio
images were obtained from the imaging data acquired at two detection channels (F540-630 nm and
F500-530 nm). (e) Ratiometric detection of various metal ions in HeLa cells. The �uorescence images
were acquired at 5 min after the treatment of the cells with each metal ion (5 μM) in the presence of
pyrithione (100 μM).
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