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a b s t r a c t

Selective detection of multiple analytes in a compact design with dual-modality and theranostic features

presents great challenges. Herein, we wish to report a coumarin-thiazolidine masked d-penicillamine

based dual-modality fluorescent probe COU-DPA-1 for selective detection, differentiation, and detoxifi-

cation of multiple heavy metal ions (Ag+, Hg2+, Cu2+). The probe shows divergent fluorescence (FL) /cir-

cular dichroism (CD) responses via divergent bond-cleavage cascade reactions (metal ion promoted C-S

cleavage and hydrolysis at two distinctive cleavage sites): FL “turn-off” and CD “turn-on” for Ag+ (no

hydrolysis), FL “turn-on” and CD “turn-off” for Hg2+ (imine hydrolysis), and FL “self-threshold ratiomet-

ric” and CD “turn-off” for excess Cu2+ (lactone and imine hydrolysis), providing the first example of a

fluorescence/CD dual-modality probe for multiple species with complimentary responses. Moreover, the

bond-cleavage cascade reactions also lead to the formation of d-penicillamine heavy metal ion complexes

for potential detoxification treatments.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

A sensing or theranostic probe is generally designed for the

detection of a single analyte [1–5]. Recently, multi-functional flu-

orescent imaging probes capable of sensing two or more targets

have emerged as a powerful tool for the interrogation of biologi-

cal systems [6,7], which are often associated with cascade signal-

ing events and activity-based sensing (ABS) tactic [3–5]. A straight-

forward approach for the design of such probes for multiply ana-

lytes employs different fluorescence responsive sensing units into

a single molecule (Scheme S1a in Supporting information) [8–

11]. However, probes designed in this way tend to have a large

molecular weight and size, which could potentially cause unde-

sired physicochemical properties, poor cell membrane permeabil-
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ity and/or cell toxicity. A compact probe adopting a single sens-

ing moiety would be more desirable, but presents great chal-

lenges to design, which utilizes multiple reactive sites and diver-

gent cascade reaction pathways for multiple analyte detection and

differentiation. Recently, elegantly designed multiple reactive sites

with divergent bond-formation cascade reactions were adopted for

simultaneous sensing of cysteine, homocysteine, and glutathione

(Scheme S1b in Supporting information) [12–14]. However, this

bond-formation and analyte binding strategy is not suitable for an-

alytes that may quench fluorophore’s fluorescence, such as heavy

metal ions. Herein, as a proof-of-concept study, we wish to demon-

strate that multiple bond-cleavage sites with divergent analyte pro-

moted bond-cleavage cascade reactions can be utilized to design a

compact probe for detection and differentiation of multiple ana-

lytes (Scheme 1, Scheme S1c in Supporting information).

Towards this end, a coumarin-thiazolidine masked d-

penicillamine based fluorescent probe COU-DPA-1 was rationally

designed for selective detection and differentiation of three heavy

metal ions: Ag+, Hg2+, and Cu2+ (Scheme 1). The compact probe
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Scheme 1. Probe design of COU-DPA-1 with three different bond-cleavage sites and

divergent cascade reaction pathways.

contains three cleavage sites: an initial C-S bond and two sub-

sequent hydrolysis sites including a coumarin lactone and an

imine. We envisioned that the heavy metal ion promoted C-S

cleavage and potential imine complexation (Schemes S2a and b

in Supporting information) [15–18], imine hydrolysis (Scheme S2c

in Supporting information) [19], or lactone and imine hydrolysis

(Scheme S2d in Supporting information) [20,21], of the chiral

probe may lead to divergent fluorescence (FL)/circular dichroism

(CD) dual-modality responses (Scheme 1), in which enhanced CD

signals come from exciton coupling between two neighboring

fluorophores in formation of metal ion complexes [22]. More-

over, the cascade bond-cleavage reactions may release the drug

d-penicillamine [23,24] for potential treatments of Ag+ or Hg2+

poisoning [25,26], or excess Cu2+ in disease conditions [27,28].

The probe COU-DPA-1 was synthesized from 7-

diethylaminocoumarin-3-aldehyde (1) and d-penicillamine (2)

at refluxing condition in a mixture of methanol and water

(Scheme S3 in Supporting information). The probe COU-DPA-1

contains inseparable mixture of trans- and cis-isomers in about

3:2 ratio. As C-S cleavage of the two isomers of the probe affords

the same Schiff base ligand COU-DPA-1′ , the probe was directly

used without separation of its isomers. Four reference probes

COU-DPA-2 ~ COU-DPA-5 were also synthesized (Schemes S4-

S7 in Supporting information). All these reference probes were

structurally characterized by 1H NMR, 13C NMR, and HRMS. More

details can be found in Part II in Supporting information.

With the probe COU-DPA-1 in hand, its initial fluorescence re-

sponses upon 17 metal ions (Li+, Na+, K+, Mg2+, Ca2+, Co2+, Fe2+,
Fe3+, Ni2+, Zn2+, Pb2+, Cd2+, Al3+, Cr3+, Ag+, Hg2+, Cu2+) were

tested. Only three heavy metal ions (Ag+, Hg2+, Cu2+) gave im-

mediate fluorescence turn-off responses (Fig. 1a, Fig. S2 in Sup-

porting information). UV spectra showed red-shift of absorption

from 399 nm to around 450 nm (Fig. S3 in Supporting informa-

tion), while N-acetylated derivative COU-DPA-4 did not show any

appreciable fluorescence and absorption spectra changes at the

same condition (Fig. S10 in Supporting information), indicating C-

S cleavage and formation of metal ion complexed COU-DPA-1′ is

responsible for the initial fluorescence turn-off responses. For Ag+

at extended incubation, there were almost no fluorescence emis-

sion and no apparent UV–vis spectra changes (Figs. S4a and b in

Supporting information). At incubation time of 30 s, Job’s plot in-

dicated that the fluorescence drop corresponded to the formation

of 1:1 complex (Fig. S4d in Supporting information). From known

polymeric structure of the 1:1 d-penicillamine Ag+ complex [29],

we proposed that the Ag+ forms similar polymeric structures with

COU-DPA-1′ (Scheme 2). For Hg2+, when the hydrolysis reaction

product was selectively excited at 477 nm, it gave fluorescence

turn-on response at 502 nm (Fig. 1c) with slight blue shift of ab-

sorption from 453 (Fig. S3b in Supporting information) to 446 nm

(Fig. S5d in Supporting information). Evidences from comparison of

normalized fluorescence spectra (Fig. S5e in Supporting informa-

tion) and 1H NMR (Fig. S12 in Supporting information) and HRMS

(Fig. S14 in Supporting information) studies of the reaction mix-

ture confirmed that the product was the aldehyde 1. The hydrol-

ysis reaction involved formation of 2:1 COU-DPA-1′ Hg2+ complex

from the Job’s plot (Fig. S5f in Supporting information), which was

proposed to be a bidentate (N,S) coordination complex similar to a

known d-penicillamine Hg2+ complex (Scheme 2) [30]. The probe’s

limits of detection (LOD) for Ag+ and Hg2+ were 1.9 and 10 nmol/L,

respectively (Figs. S4c and S5c in Supporting information).

The probe’s fluorescence responses for Cu2+ at extended incu-

bation showed non-typical ratiometric responses dependent on the

equivalence of Cu2+ to the probe (Fig. 1e). At less than 0.5 equiv.,

the decrease of the probe’s fluorescence at 488 nm was identified

as typical turn-off response. Only when the probe’s concentration

was over 0.5 equiv., the product’s fluorescence emission at 449 nm

started to appear. Accordingly, the ratiometric ratio of I449/I488 in-

creased from 0.2 to 2.0 (Figs. 1g and h). We termed this non-

typical ratiometric fluorescence response as “self-threshold ratio-

metric fluorescence response”, as there exists a threshold concen-

tration of the analyte for the ratiometric response. We rational-

ized that the initial complex formed between the probe and less

than 0.5 equiv. Cu2+ is non-fluorescent and resistance to hydroly-

sis as evidenced by only slight blue-shift of absorption peak from

452 nm to 445 nm at extended incubation (Fig. S6c in Supporting

information). Excess Cu2+ over 0.5 equiv. leads to its binding to

the second Cu2+ binding site and self-threshold ratiometric fluo-

rescence response. From comparison with normalized fluorescence

and absorption spectra of an aldehyde 1′ sample (Figs. S6g and h

in Supporting information) from basic hydrolysis of the aldehyde

1 [20] and the aldehyde 1′ identified from HRMS of the reaction

mixture (Fig. S15 in Supporting information), we proposed that

the second Cu2+ binding site of COU-DPA-1′ functions as a trident

(O, N, O) ligand and forms 2:1 complex with additional 0.5 equiv.

Cu2+ to promote both lactone and imine hydrolysis (Scheme 2).

Job’s plot also confirmed that a total of 1 equiv. Cu2+ was re-

quired for formation of the aldehyde 1′ (Fig. S6f in Supporting

information). The second Cu2+ binding site with 0.5 equiv. Cu2+

seems to involve the carboxylate anion, as the methyl ester probe

COU-DPA-5 did not give the similar saddle-like absorption curve

when incubation with excess Cu2+ (Fig. S11c in Supporting infor-

mation). Further studies showed that Cu2+-promoted lactone hy-

drolysis is affected by substituents on the coumarin fluorophore.

While 7-azetidinyl substituted probe COU-DPA-3 showed a similar

self-threshold ratiometric fluorescence response for Cu2+ different

from turn-on response for Hg2+ (Fig. S9 in Supporting informa-

tion), the julolidine coumarin probe COU-DPA-2 showed fluores-

cence turn-on responses for both Cu2+ and Hg2+ due to formation

of the same aldehyde 2 as product without lactone hydrolysis (Fig.

S8 in Supporting information).

We then examined the probe’s CD responses for the three

heavy metal ions (Fig. 2). The probe (10 μmol/L) alone in PBS buffer

showed very low CD signals. Upon addition of the three metal ions,
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Fig. 1. (a) Fluorescence spectra of the probe COU-DPA-1 (1 μmol/L, λex = 396 nm) upon addition of Ag+ ion (0–5.0 equiv., incubation time = 30 s). (b) Black column:

I488 of the probe COU-DPA-1 (1 μmol/L, λex = 396 nm) or in response to 50 equiv. of other metal ions; red column: I488 of the probe in response to 5 equiv. Ag+ or 5

equiv. Ag+ in the presence of other metal ions (50 equiv. each) for 30 s. (c) Fluorescence spectra of probe COU-DPA-1 (1 μmol/L, λex = 477 nm) upon addition of increased

concentrations of Hg2+ (0–1.0 equiv., incubation time = 15 min). (d) Black column: I502 of probe COU-DPA-1 (1 μmol/L, λex = 477 nm) or in response to 5 equiv. other metal

ions; red column: I502 of probe in response to 0.5 equiv. Hg2+ or 0.5 equiv. Hg2+ in the presences of other metal ions (5 equiv. each) for 15 min. (e) Fluorescence spectra

of probe COU-DPA-1 (1 μmol/L, λex = 360 nm) upon addition of Cu2+ ion (0–10 equiv., incubation time = 30 min). (f) Black column: I449/I488 of the probe COU-DPA-1 (1

μmol/L, λex = 360 nm) or the probe in response to 50 equiv. other metal ions; red column: I449/I488 of the probe (1 μmol/L, λex = 360 nm) in response to 5 equiv. Cu2+

or 5 equiv. Cu2+ in the presence of other metal ions (50 equiv. each, red columns) for 30 min. (g, h) Fluorescence intensity ratio (I449/I488) versus the equivalence of Cu2+

([Cu2+]/[COU-DPA-1]).

intense bisignate CD signals (CD turn-on) due to metal ion com-

plexation induced exciton coupling were observed. For Ag+, the

initial CD signals did not decrease over 30 min (Fig. 2a), indicating

formation rather stable silver ion complex with COU-DPA-1′ . More-

over, the observed positive Cotton effect indicated that the neigh-

bouring COU-DPA-1′ chromophore form clockwise orientation in

Ag+ complex polymeric structures according to the Exciton Chi-

rality Rule [22], different from the anti-clockwise orientation in

complexation with Hg2+ and Cu2+ as indicated from the nega-

tive Cotton effect. Notably, CD and fluorescence signals compensate

each other for improved sensing. For example, although the CD re-

sponses for Hg2+ and excess amount of Cu2+ can be differentiated

by their zero-crossing wavelengths (Figs. 2b and c), they were bet-

ter differentiated by distinct fluorescence responses (Figs. 1c and
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Scheme 2. Proposed metal ion binding promoted divergent cascade reaction of the Schiff base ligand COU-DPA-1′ in PBS buffer (pH 7.4).

Fig. 2. Time-dependent CD spectra of the probe COU-DPA-1 (10 μmol/L) upon addition of 5 equiv. Ag+ (a), 0.5 equiv. Hg2+ (b), 5 equiv. Cu2+ (c), and 0.5 equiv. Cu2+ (d). The

corresponding CD response of its enantiomer COU-LPA-1 in can be found in Fig. S16 (Supporting information).
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Fig. 3. Fluorescence images of HeLa cells preincubated with COU-DPA-5 (20 μmol/L) and then incubated with increasing concentrations of Hg2+ (0, 10, 20, and 50 μmol/L)

for 30 min.

e). While fluorescence response cannot differentiate between Ag+

and less than 0.5 equiv. Cu2+, the two ions can be clearly differen-

tiated by their distinct CD responses (Figs. 2a and d). Combined ev-

idences from fluorescence emission (Fig. 1e), absorption (Fig. S6c)

and CD (Fig. 2d) spectra, it was proposed that the reduction of

Cu2+ to Cu+ by the thiol group [31] is possibly responsible for the

observed reduction of CD signals (Scheme 2), during which a 1:1

complex was formed without neighbouring ligand and associated

exciton coupling. Evidence from electron paramagnetic resonance

(EPR) studies also suggested that a reduction reaction could hap-

pened (Fig. S13 in Supporting information).

Based on the above studies, the probe’s divergent reaction path-

way after C-S cleavage was shown in Scheme 2. Besides, its selec-

tivity for the three heavy metal ions at both their specific fluores-

cence (Figs. 1b, d and e) and CD (Fig. S17 in Supporting informa-

tion) detection conditions was high.

We further examined the potential use of the probe COU-DPA-1

in biological system. Unfortunately, the fluorescence “turn-off” re-

sponse for Ag+ and the short excitation wavelength in UV region

for Cu2+ was not ideal for cell imaging applications. The probe

was tested for fluorescence imaging of Hg2+ and was capable of

imaging increased Hg2+ levels inside HeLa cells from increased

Hg2+ concentrations in the cell culture media (Fig. 3). Similarly,

the methyl ester probe COU-DPA-5 can also detect increased Hg2+

and Cu2+ levels inside HeLa cells (Figs. S19 and S20 in Supporting

information).

Finally, we examined the probe COU-DPA-1 for potential detox-

ification treatments of the heavy metal ions using the MCF-7

cells as the model cell line (see Supporting information part VII

for more details). Both d-penicillamine and the probe COU-DPA-1

showed no significant toxicity up to 100 μmol/L (Fig. S21 in Sup-

porting information). Among the three heavy metal ions, Hg2+ is

the most toxic with IC50 = 7.52 ± 0.59 μmol/L (Fig. S21b). When

MCF-7 cells were pretreated with 8 μmol/L toxic Hg2+ for 2 h,

followed by addition of different concentrations (0~16 μmol/L) of

the probe COU-DPA-1 and d-penicillamine to mimic acute heavy

metal poisoning and detoxification treatments, increased cell vi-

abilities were observed for both the probe and d-penicillamine

treated cells, indicating that the probe showed protective effects

against Hg2+-induced cytotoxicity (Fig. 4). Cell detoxification ef-

fects of the probe against Ag+ and Cu2+ were also observed (Fig.

S23 in Supporting information).

In conclusion, as a proof-of-concept study, we have successfully

developed a compact dual-modality probe COU-DPA-1 with com-

plimentary divergent fluorescence/circular dichroism responses for

the three heavy metal ions via divergent cascade bond-cleavage re-

actions (metal ion promoted C-S cleavage and hydrolysis at two

distinctive cleavage sites): FL “turn-off” and CD “turn-on” for Ag+

(no hydrolysis), FL “turn-on” and CD “turn-off” for Hg2+ (imine

hydrolysis), and FL “self-threshold ratiometric” and CD “turn-off”

for excess Cu2+ (lactone and imine hydrolysis), providing the first

Fig. 4. Cell viability of MCF-7 cells pretreated with 8 μmol/L Hg2+ for 2 h and then

incubated with increasing concentration (0 to 16 μmol/L) of the probe COU-DPA-1

and d-penicillamine for 24 h.

example of a fluorescence/CD dual-modality probe for differen-

tiation of multiple species with complimentary responses. The

bond-cleavage cascade reactions also lead to the formation of d-

penicillamine heavy toxic metal complexes for detoxification treat-

ments. The design principle by offering a way of creating compact

probes via bond-cleavage cascade reactions and incorporating chi-

rality and drug-release into the probe design may inspire future

development of other chiral theranostic sensing systems for multi-

ple analytes detection and disease treatments.
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