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Abstract

Small molecules can display certain electronic and structural features that enable their use for

metal-sensing  applications  in  different  fields.  Of  the  reported  metal  sensors,  there  has  been

increasing  interest  in  copper  sensing  in  the  past  decade,  given the  biological  importance  of

copper as well as its presence as a potential contaminant in water and fuels. Molecules used for

copper(II)  sensing generally  consist  of a fluorophore/chromophore  and a ligand for selective

metal ion recognition. This review article focuses on literature contributions since the year 2010

concerning  small  molecule  copper(II)  sensors  that  provide  a  naked-eye  color  response  in

solution. We present molecular structural features and sensing mechanisms for the colorimetric

and  fluorometric  detection  of  copper(II)  ions  in  different  environmental,  agricultural,  and
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biological samples. In addition, the sensing performance of these chemosensors is compared and

discussed,  which could  aid  in  the future  design of  chemosensors  for  copper(II).  Finally,  we

outline  the  challenges  and  future  prospects  of  fluorophore/chromophore–ligand  chemistry  in

applications of small molecules for fluorometric and colorimetric assays of copper(II).

Keywords: copper, naked-eye, detection limit, chemosensor 
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1. Introduction 

Copper is a first-row transition metal and an essential trace mineral that plays key roles in

physiological  functions,  such as serving as a cofactor  for many enzymes involved in energy

production and metabolism [1]. However, as with many essential minerals, excessive amounts

can result  in  toxicity.  Copper  is  common in the environment  and contamination  of soil  and

waterways  can  occur  from  agricultural  sources,  where  copper  is  found  in  pesticides  and

fertilizers, and from industrial sources, such as mining and manufacturing operations  [2]. The

World Health Organization (WHO) has determined the maximum acceptable level of copper in

drinking water to be 2 mg/L (31.5 µM) [3] and the Environmental Protection Agency (EPA) sets

the threshold at  1.3 mg/L (20.5 µM)  [4].  Due to the potential  health  risks of environmental

copper contamination, there is great interest in methods for the analytical detection of Cu2+ ions,

particularly  for  use  in  field  applications.  The  use  of  colorimetric  sensors  offers  quick  and

accurate naked-eye detection without the need for expensive instrumentation, such as inductively

coupled plasma mass spectrometry and atomic absorption spectrometry. Several colorimetric and

fluorescent sensors with structures ranging from small molecules, large macrocycles  [5–9], and

nanoparticle/quantum dots have been created  [10–16]. The strong interest in copper sensors is

highlighted by a recent PubMed search for “colorimetric copper sensor”, which revealed a steady

3

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63



increase  in  the  numbers  of  copper  sensors  reported  from 2007-2019 (decreasing  number  of

reports from 2020-21 were likely due to work disruption during the 2020 COVID pandemic)

(Fig. 1).

Fig. 1: PubMed search of “colorimetric copper sensor” resulting in the depiction of published

copper sensors over the years 2007-2022.    

To date, most reviews on copper(II) sensors report fluorescent sensors for copper(II) [17–

22]. However, there have been fewer reviews addressing small molecules for the colorimetric

detection  of  copper(II).  These reviews were narrowly focused on copper(II)  sensors that  are

carbohydrate-based [23], pyrene-based [24] or reviewed from the years 2013-2015 [25]. Other

reviews discuss colorimetric and fluorescent copper(II) sensors in a range of sizes such as small

molecules,  enzymes,  polymers  and nanoparticles  [26,27] or  organize  by  the  type  of  optical

emission  produced   (colorimetric,  fluorescent,  luminescent,  chemiluminescent,
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photoluminescent,  surface  plasmon  resonance)  from  these  copper(II)  sensors  [28].  Further

reviews on colorimetric sensing of metals have broadly focused on a number of metals [29–32]. 

This  review  focuses  on  small  molecule  copper(II)  sensors  that  offer  a  colorimetric

response in solution, with naked eye detection, published in the years 2010-2022. We felt that

researchers developing new copper sensors, or who are interested in using copper sensors, might

be  most  concerned  about  sensitivity  as  a  starting  point.  102  sensors  are  reviewed  and  are

organized  by  their  reported  limits  of  detection  (LOD)  by  absorbance  or  fluorescence

spectroscopy.  Sensors  that  did  not  report  colorimetric  LOD but  only  fluorescence  LOD are

organized into a separate section. Sensors that possessed naked-eye detection but did not report a

LOD are included at the end of the review

2. Determination of the limit of detection 

When  evaluating  the  performance  of  a  sensor  for  further  development  or  potential

application, one of the most salient features of interest to users is the limit of detection (LOD).

The  LOD is defined as the lowest concentration of  analyte  that  can be consistently  detected

within a degree of certainty, usually 95% or higher [33]. Upon evaluation of the literature, there

are two common methods used in detecting LOD. The first method determines the LOD from

standard deviations at a low concentration  [33–36]. The second method determines the LOD

using standard deviations of the response and slope [34–37]. Although there is no consensus on

which method is best, the one employed most often  by articles  in this review was the second

method. Briefly,  the standard deviations of the response and slope method uses  the equation

LOD = 3σ/k, where σ = standard deviation and k = slope of the calibration curve. The standard
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deviation can be calculated from a group of blank samples [38] or using the regression function

on the calibration curve [34].  The slope of the calibration curve is calculated by examining the

absorbance or fluorescence intensity change with varying Cu2+  concentration. For example, in a

“turn-on” sensor, an absorbance or fluorescence wavelength is initially silent and displays no

signal. Once Cu2+
 is introduced at increasing concentrations, a noticeable increase in absorbance

or fluorescence  intensity  is observed. The maximum wavelength of the peak is identified, and

these values are plotted against the Cu2+ concentration used, which ultimately provides the slope.

3. Limit of detection determined by fluorescence spectroscopy 

The sensors in this section calculated their respective LOD’s using a fluorometer (Table 1

– Table 5). Even though fluorometry was used, all the sensors provided naked-eye detection for

copper(II). In fact, seven sensors can be found in two tables (Sensor 3 = Table 1 & 11, Sensor 4

= Table 1 & 6, Sensor  7 = Table 2 & 8, Sensor  13 = Table 2 & 7, Sensor  20 = Table 3 & 8,

Sensor 23 = Table 4 & 7, Sensor 31 = Table 5 & 8) as they reported LODs that were calculated

using UV-Vis and fluorescence spectroscopy. Since a fluorometer is more sensitive than a UV-

Vis, it was not surprising to see that the lowest LOD determined via fluorescence spectroscopy

was 1 nM, while the lowest LOD determined via UV-Vis was 8.6 nM. 

3.1           1.0 nM - 9.9 nM   

Paul et al. [39] synthesized a quinazoline functionalized benzimidazole-based fluorescent

“on-off” sensor  2  for Cu2+ detection (Table 1 Sensor #2). When one equivalent  of Cu2+ was

gradually added into 5 µM of 2 in DMF:20 mM HEPES (1:1, v/v, pH = 7.4), the fluorescence

intensity  at  425 nm was dramatically  reduced by  ca. 58-fold in  ca. 2.5 min,  which was not
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observed in other metal ions. 2 showed a 1:1 metal–ligand stoichiometry with a binding constant

of 2.6 × 104 M–1  and a low LOD of 1.62 nM for Cu2+. In the presence of 2 equivalents of S2–, a

significant increase in fluorescence at 425 nm was observed because of S2–-induced displacement

of  Cu2+ from the  weakly  fluorescent  2–Cu2+ complex.  Bioimaging  studies  demonstrated  the

utility of sensor 2 (5 µM) for the detection of 5 µM Cu2+ and 10 µM S2– in DL (1 x 106) cancer

cells.

A  Schiff-base  in  the  form  of  acylhydrazine  derivative  was  utilized  for  metal  ion

coordination. Wang (2020) et al. [40] synthesized a coumarin-appended naphthohydrazide 4 “on-

off”  sensor  by  condensation  of  7-diethylaminocoumarine-3-aldehyde  and  3-hydroxy-2-

naphthohydrazide  (Table  1  Sensor  #4).  Fluorescent  sensor  4  (2.5  µM)  could  recognize  1

equivalent of Cu2+ and Co2+ selectively over a wide range of biologically and environmentally

relevant metal ions in EtOH:10 mM phosphate buffer (7:13, v/v, pH = 7.2), with a color change

from green to colorless under UV light, and from yellow to orange-red under ambient light. The

fluorescent  quenching  of  4 upon  addition  of  2.5  µM Cu2+ was  attributed  to  the  binding  of

carbonyl oxygen and imine nitrogen atoms of the acylhydrazide moiety with Cu2+ following a 2:1

ligand–metal stoichiometry.  In the presence of 25 µM GSH, the fluorescence at 525 nm was

restored, which is likely due to the displacement of Cu2+ by GSH, liberating fluorescent sensor 4.

This fluorescence recovery was not observed for Co2+ (Fig. 2). Adjusting pH to 4 using 0.1 M

HCl or HNO3 would also allow 4 to distinguish between the two metal ions as 4-Cu2+ complex is

nonfluorescent  while  4-Co2+ complex  is  fluorescent  (Fig.  2).  As  shown  in  Fig.  2, this

chemosensor  was  successfully  applied  to  visualize  and  monitor  Cu2+/Co2+ in  MCF-7  breast

cancer cells and zebrafish larvae by incubating  4  (2.5 µM, 1 h) to demonstrate its efficacy in
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bioimaging

Fig.  2: Sensor 4 produces  a  green fluorescent  color  under  365 nm UV light.  Fluorescence

imaging of MCF-7 breast  cancer  cells  and zebrafish larvae incubated with 4 (2.5 µM, 1hr)

demonstrates  intracellular  permeation. 4 displays  a  “turn-off” fluorescence  signal  upon the

addition of 2.5 µM copper(II) or cobalt(II), over competing metal ions. In a solution of  4 (2.5

µM),  copper(II)  (0.5  eq.)  and  cobalt(II)  (0.5  eq.),  the  binding  of  cobalt(II)  to  4 can  be

distinguished by adding 10 eq. of GSH. Vice versa, under the same conditions, the binding of

copper(II)  to 4 can  be  distinguished  by  adjusting  the  pH to  4.  Flow analysis  quantitatively

proved this quenching in MCF-7 cells. Reproduced from Wang(2020) et al. [40]. 

Liu (2020) et al.  [41] designed and synthesized a highly sensitive and selective Schiff

base “on-off” sensor  5 using naphthalimide fluorophore and thiophene moiety that was able to

achieve a LOD of 9.15 nM (Table 1 Sensor #5). Fluorescent data revealed a 1:1 metal–ligand

stoichiometry in 5–Cu2+ complex, and the binding constant was calculated to be 2.23 x 104 M–1.

The  proposed  Cu2+ coordination  with  probe  5 could  be  described  by  soft-soft  metal-donor

interaction between Cu2+ and the sulfur atom of thiophene moiety and the nitrogen atom of the
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amino group in 5. Fluorescence quenching was observed upon the addition of 25 µM Cu2+ in a 10

µM  probe  5  solution  in  MeCN:  H2O  (3:1,  v/v)  due  to  Cu2+-induced  hydrolysis  forming  a

nonfluorescent product. Probe 5 (10 µM) was successfully applied for detecting Cu2+ in ultrapure

and tap water samples spiked with 6 µM, 12µM, and 18 µM copper(II) to display its accuracy in

aqueous conditions. Also, the low cytotoxicity of probe  5  (0.5 µM) made it possible to detect

Cu2+ (10 µM) ions in human hepatoma cells, HepG2.
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Limit of Detection Determined by Fluorescence Spectroscopy
1.0 nM – 9.9 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

1
Cu2+ & ClO-

Colorimetric &
Fluorometric

1 nM

3.9 x 105 M-1

UV-Vis

1.79 x 106 M-1

Fluorometer

1:1

[Sensor] = 20 µM
[Cu2+] = 160 µM

[Sensor] = 20 µM
[Cu2+] = 160 µM

[Competing Metal Ions] =
160 µM

MeCN: 10 mM
Tris-HCl 
(9:1, v/v) 
pH= 7.0

[42]

2
Cu2+ & S2-

Colorimetric &
Fluorometric

1.62 nM

3.8 x 104 M-1

UV-Vis

2.6 x 104 M-1

Fluorometer

1:1

[Sensor] = 5 µM
[Cu2+] = 5 µM

[Sensor] = 5 µM
[Cu2+] = 5 µM

[Competing Metal Ions] =
5 µM

DMF: 20 mM
HEPES 

(1:1, v/v)
pH = 7.4

[39]

3

Cu2+

Colorimetric &
Fluorometric

2.0 nM 4.65 x 107 M-1

Fluorometer 2:1

[Sensor] = 50 µM
[Cu2+] = 100 µM

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Fe3+, Al3+ & Hg2+] = 20
µM

[Competing Metal Ions] =
200 µM

MeCN:
HEPES

(1:3, v/v)
pH=7.1

[43]
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Limit of Detection Determined by Fluorescence Spectroscopy
1.0 nM – 9.9 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

4

Cu2+
 & Co2+

Colorimetric &
Fluorometric

3.84 nM 1.26 x 106 M-1

Fluorometer 2:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

 

[Sensor] = 2.5 µM
[Cu2+] = 2.5 µM

[Competing Metal Ions] =
2.5 µM

EtOH:10 mM
Phosphate

buffer
(7:13, v/v) 
pH= 7.2

[40]

5

Cu2+

Colorimetric &
Fluorometric

9.15 nM 2.23 x 104 M-1

Fluorometer 1:1

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
100 µM

MeCN: H2O
(3:1, v/v)
pH = 7.4 

[41]

Table 1:  Copper(II)  sensors arranged from lowest to  highest  limit  of detection  in  the range of 1.0 nM – 9.9 nM determined by fluorescence
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant,
binding stoichiometry (sensor:  Cu2+),  concentration  of sensor and Cu2+ for naked eye detection,  the Cu2+  selectivity  assay conditions  including
concentration of sensor, Cu2+ and competing metal ions tested and solvent.
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3.2           10.0 nM – 36 nM  

Fang et al.  [44] synthesized a weakly fluorescent p-dimethylaminobenzamide derivative

as  an  “off-on”  fluorescence  sensor for  Cu2+ detection  (Table  2  Sensor  #7).  When  Cu2+ was

gradually added to 1 µM of 7 in MeCN:Tris-HCl (3:2, v/v, pH = 7.4), the fluorescence intensity

at 470 nm was greatly enhanced, with the color change from colorless to yellow. 7 showed a 1:1

stoichiometry with a binding constant  of 5.4 × 107 M–1  and a low LOD of 15 nM for Cu2+.

Fluorescence intensity at 470 nm decreased upon gradual addition from 0 µM - 16 µM of S 2– into

a solution of 1 µM of 7–Cu2+ complex. Complete conversion from 7-Cu2+ to 7 was achieved once

10 µM of S2- was added with a response time of 2 min.  Subsequent addition of 1 µM Cu2+

restored the fluorescence. The reversibility of 7 was tested with 5 cycles of Cu2+ followed by S2-

addition and showed minimal decay, confirming the potential to be a reusable sensor. 

Kaur et al.  [45] reported a ratiometric fluorescent sensor  10  based on carbazole as the

fluorophore and pyrimidine as the metal coordinating unit (Table 2 Sensor #10). Titration of 1

µM  10  in THF:HEPES buffer (7:3, v/v, pH 7.4) with Cu2+ (0.01 - 2 equivalents) exhibited a

significant emission intensity reduction at 505 nm and an emission intensity increase at 663 nm.

The  emission  intensity  ratio  (I663/I505)  changed  from  0.014  to  12  upon  the  addition  of  2

equivalents  of  Cu2+.  The  paramagnetic  nature  of  Cu2+ and  the  proximity  of  this  ion  to  the

carbazole units might have contributed to the reduction in emission intensity at 505 nm. On the

other  hand,  coordination  of  Cu2+ in  the  pyrimidine  moiety  could  prevent  the  photo-induced

electron transfer process from taking place from the pyrimidine unit to carbazole moiety, leading

to  an  emission  intensity  enhancement  at  663  nm.  Binding  of  Cu2+  to  10 followed  1:1

stoichiometry with a binding constant of 1.6 × 107 M–1. While 10 is sensitive (LOD: 21 nM) to
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Cu2+, it also responds to Hg2+. It is, therefore, necessary to perform pretreatment methods to mask

Hg2+ before detecting Cu2+ levels in samples that also contain Hg2+.

Biao Gu et al. [46] prepared a dicyanometylene-4H-pyran-based “off-on” probe 11 where

a dicyanometylene-4H-pyran derivative serves as the fluorophore and the 2-picolinic ester group

as the Cu2+ recognition unit (Table 2 Sensor #11). The 2-pyridinecarbonyl group protecting the

hydroxyl  prevents  the  intramolecular  charge  transfer  process  from taking  place,  resulting  in

fluorescence  quenching of  probe  11.  Upon addition  of  20 µM Cu2+,  11  (10 µM) in 10 mM

PBS:DMSO (1:1, v/v, pH 7.4) exhibited naked-eye color change from yellow to purple with

significant NIR fluorescent enhancement at 676 nm. This enhancement was attributed to Cu2+-

promoted hydrolysis of the picolinoyl ester moiety leading to the release of the fluorophore with

a deprotonated hydroxyl group (Fig. 3). This reaction-based copper(II) sensing possesses good

selectivity against biologically and environmentally relevant metal ions. It also exhibited a linear

relationship in the range of 0–8 μM with an LOD of 23 nM. The favorable sensing properties of

11 such as its low cytotoxicity and good membrane permeability make this molecule a promising

sensor for the detection of Cu2+ in biological systems.

Fig. 3: In the presence of Cu2+, weakly fluorescent probe 11 (left structure) is hydrolyzed into a

highly  fluorescent  dicyanometylene-4H-pyran  derivative  with  deprotonated  hydroxyl  group

(right structure), enabling intramolecular charge transfer in 11. Reproduced from Biao Gu et al.
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[46]. 

Xie et al.  [47] reported a rhodamine derivative of spirolactam  13  “on-off” ratiometric

sensor,  which  was  synthesized  by  a  condensation  reaction  of  3-(benzo[d]thiazol-2-yl)-2-

hydroxy-5-methylbenzaldehyde and rhodamine 101 hydrazide (Table 2 Sensor #13). The Cu2+-

induced spirolactam ring-opening of  13 resulted in fluorescence enhancement at 600 nm (λex =

540 nm) in 10 mM PBS:40% EtOH (1:1, v/v, pH 7.4). On the other hand, excitation at 350 nm

led to an increase in fluorescence at 565 nm along with a decrease in fluorescence intensity at

460 nm giving rise to a 6.4-fold change for I460/I565 in the presence of 0.5 equivalent Cu2+. The

LOD obtained from ratiometric fluorometric measurements was 26 nM. A linear relationship was

observed  between  0  and  10  μM  Cu2+ when  I460/I565  was  plotted  as  a  function  of  Cu2+

concentration. Job’s plot analysis revealed a metal-ligand stoichiometry of 1:1 with a binding

constant of 9.94 × 104 M–1  for  13–Cu2+ complex, where Cu2+ is coordinated to the carbonyl O,

imino N, and phenolic O atoms of 13. The free 13 could be released from the complex upon the

addition of EDTA, indicating the reversibility of the sensing process. Finally, probe 13 exhibited

good recoveries  (91.6–103.0%) in the determination  of spiked Cu2+ in water  samples and in

serum.

Guo  et  al.  [48] designed  and  synthesized  a  fluorescent  “on-off”  chemosensor  14

possessing  an  oligothiophene  as  the  fluorophore  and  an  appended  Schiff-base  as  the  Cu2+

coordinating unit (Table 2 Sensor #14). In the presence of 2 equivalents of Cu2+ in DMF:H2O

(2:3, v/v), 5 µM 14 exhibited fluorescence quenching at 580 nm, which may be attributed to the

paramagnetic nature of Cu2+. Binding of Cu2+ with 14 followed 1:1 stoichiometry with a binding
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constant of 2.52 × 104 M–1. The facile preparation, excellent sensitivity (LOD: 28.1 nM Cu2+) and

selectivity for Cu2+ in an aqueous system, and high recoveries in water and food samples (97.6–

102.3%) make 14 a promising sensor for the analysis of Cu2+ in different samples. Su et al. [49]

also  used  a  Schiff-base  as  the  metal  ion  recognition  unit  and  an  N,N-diethyl  group  as  the

fluorophore in the design of their fluorescent “on-off” sensor 14 that was able to achieve a LOD

of 16.09 nM (Table 2 Sensor #63). Upon addition of 400 µM Cu2+ to 20 µM of 14, the formation

of the 14-Cu2+ complex led to a significant decrease in fluorescence and a hypsochromic shift in

fluorescence emission from 498 to 480 nm in DMSO:H2O (9:1, v/v, pH = 7.2). The fluorescence

was  recovered  upon  addition  of  1  mM H2PO4
– into  the  14-Cu2+ complex  solution  and  was

quenched again after adding Cu2+, indicating reversibility of the sensing process. A change in the

molecular  planarity  of  14 due  to  Cu2+  coordination  was  proposed  as  the  mechanism  of

fluorescence quenching.
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Limit of Detection Determined by Fluorescence Spectroscopy
10.0 nM – 36 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

6

Cu2+

Colorimetric &
Fluorometric

Fe3+

Fluorometric

10 nM 4.22 x 105 M-1

Fluorometer 1:1

 [Sensor] = 1 µM
[Cu2+] = 10 µM

[Sensor] = 1 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

H2O: MeCN
(1:1, v/v) [50]

7
Cu2+ & S2-

Colorimetric &
Fluorometric

15 nM

4.3 x 107 M-1

UV-Vis

5.4 x 107 M-1

Fluorimeter

1:1

[Sensor] = 10 µM
[Cu2+] = 500 µM

[Sensor] = 10 µM
[Cu2+] = 500 µM

[Competing Metal Ions] =
500 µM

MeCN: Tris-
HCl

(3:2, v/v) 
pH= 7.4

[44]

8

Cu2+ & H2PO4
-

Colorimetric &
Fluorometric 16.09 nM 1.19 x 109 M-2

Fluorimeter 1:1

 [Sensor] = 20 µM
[Cu2+] = 184 µM

[Sensor] = 20 µM
[Cu2+] = 1 mM

[Competing Metal Ions] =
1 mM

DMSO: H2O 
(9:1, v/v)
pH = 7.2

[49]
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Limit of Detection Determined by Fluorescence Spectroscopy
10.0 nM – 36 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

9
Cu2+ 

Colorimetric &
Fluorometric

16.4 nm. 1.22 x 103 M-2

Fluorimeter 1:2

[Sensor] = 40 µM
[Cu2+] = 200 µM

[Sensor] = 40 µM
[Cu2+] = 200 µM

[Competing Metal Ions] =
200 µM

THF: H2O
(4:1, v/v) [51]

10

Cu2+ & Hg2+

Colorimetric &
Fluorometric 21 nM 1.6 x 107 M-1

Fluorimeter 1:1

[Sensor] = 3 µM
[Cu2+] = 3 µM

[Sensor] = 1 µM
[Cu2+] = 2 µM

[Competing Metal Ions] =
10 µM

THF: HEPES
(7:3, v/v)
pH = 7.4

[45]

11

Cu2+

Colorimetric &
Fluorometric

23 nM - 1:1

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
100 µM

10 mM PBS:
DMSO

(1:1, v/v)
pH = 7.4

[46]
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Limit of Detection Determined by Fluorescence Spectroscopy
10.0 nM – 36 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

12

Cu2+

Colorimetric &
Fluorometric

25 nM 3.7 × 107 M-1

Fluorometer 1:1

[Sensor] = 10 µM
[Cu2+] = 30 µM

[Sensor] = 10 µM
[Cu2+] = 30 µM

[Competing Metal Ions] =
500 µM

20 mM PBS
buffer (10%

MeCN) 
pH = 7.4

[52]

13

Cu2+, Co2+

Colorimetric

Cu2+, Co2+

Ni2+ 
Fluorometric

26 nM 9.9 x 104 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

10 mM PBS
buffer: 40%

EtOH
(1:1, v/v) 
pH= 7.4

[47]

14

Cu2+

Colorimetric &
Fluorometric

28.1 nM 2.52 x 104 M-1

Fluorometer 1:1

[Sensor] = 5 µM
[Cu2+] = 10 µM

[Sensor] = 5 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

DMF: H2O
(2:3, v/v) [48]
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Limit of Detection Determined by Fluorescence Spectroscopy
10.0 nM – 36 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

15

Cu2+

Colorimetric &
Fluorometric

36 nM - 1:1

[Sensor] = 10 µM
[Cu2+] = 0-4 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
20 µM

10 mM PBS
buffer (20%

DMSO)
pH = 7.45

[53]

Table 2:  Copper(II)  sensors arranged from lowest to highest limit  of detection in the range of 10.0 nM – 36 nM determined by fluorescence
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant,
binding stoichiometry (sensor:  Cu2+),  concentration  of sensor and Cu2+ for naked eye detection,  the Cu2+  selectivity  assay conditions  including
concentration of sensor, Cu2+ and competing metal ions tested and solvent.
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3.3           40.0 nM - 190 nM  

Mani  et  al.  [54] synthesized  a  coumarin-based  hydrazone  “on-off”  sensor  16 by

combining N,N’-diethylamino-3-acetyl coumarin and 2-hydrazino benzothiazole (Table 3 Sensor

#16).  16  (5  µM)  showed  high  selectivity  towards  Cu2+ (5  µM)  over  other  biologically  and

environmentally  relevant  metal  ions via the intramolecular  charge transfer (ICT) mechanism.

The fluorescence quenching upon the addition of Cu2+ in the DMF solvent system of  16 was

attributed to the chelation of Cu2+ through coumarin carbonyl O, benzothiazole N, and hydrazine

N of  16,  following  a  1:1  metal–ligand  stoichiometry.  Fluorescence  microscopic  experiment

results showed that  16 could be used for monitoring Cu2+ in HeLa cells (cervical cancer cells)

due to its low toxicity, good cell permeability, and low LOD of 40 nM.

Hanmeng et al. [55] employed an “on-off” fluorescent sensor 17 (LOD = 47 nM) that is

based on heptamethine cyanine dyes for Cu2+  (Table 3 Sensor #17). These dyes are known to

exhibit absorption and emission bands reaching the near-infrared (NIR) range, where absorption

and autofluorescence of a biological matrix are said to be minimum. In the presence of 12 µM

Cu2+, the naked-eye color of 10 µM 17 in HEPES:MeCN (3:7, v/v, pH 7.2) changed from blue to

colorless. In the fluorescence emission spectrum, the addition of 8 µM Cu2+ resulted in a dramatic

fluorescence  quenching of  5  µM  17 following an intramolecular  charge  transfer  (ICT) upon

binding of soft Cu2+ with the soft sulfur atoms in 17. The resulting 17-Cu2+ complex followed a

1:1 stoichiometry and had a binding constant of 1.24 × 106 M–1. The sensing utility of  17 was

tested  in  hydroponic  fertilizers  and  HepG2,  human  hepatoma cells.  The  cell  experiments

demonstrated that Cu2+ was able to be intracellularly recognized by 17 in living cancer cells.

Rhodamine-based fluorophores have been widely used in designing “off-on” fluorescence
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chemosensors because of their favorable molar extinction coefficient, high fluorescence quantum

yields, and good photostability. Nair et al.  [56] synthesized a highly sensitive (LOD: ~3 ppb)

rhodamine 6G hydrazide “off-on” fluoroprobe 18 as a Cu2+-specific chemosensor (Table 3 Sensor

#18). 18 (10 μM) exhibited an approximately 25-fold fluorescent enhancement at 553 nm upon

addition of 1 equivalent of Cu2+ in MeCN:50 mM HEPES buffer (1:1 v/v, pH = 7.4). Binding of

Cu2+ was proposed to occur at the ONN donor sites of probe 18 following a 1:1 metal–ligand

stoichiometry. Incubation of Brine shrimp Artemia with different concentrations of Cu2+ (84, 64,

42,  and  9  ppb)  followed  by  exposure  to  probe  18  (2  equivalents)  highlighted  the  intrinsic

bioaccumulation nature of Artemia as 18 can detect Cu2+ even at a very low concentration of 10

ppb,  indicating  the  potential  applications  of  18 in  bioimaging  and  monitoring  Cu2+-induced

pollution. 

Deepa et al.  [57] reported a rhodamine 6G derivative  19 as an “off-on” sensor for Cu2+

detection that attained a LOD of 74 nM (Table 3 Sensor #19). Free 19 in DMSO:H2O (1:9, v/v)

is  weakly fluorescent.  However,  fluorescent enhancement was observed upon the addition of

Cu2+, which could be attributed to the photoinduced electron transfer (PET) mechanism. Cu2+

binds to 19 in 1:1 stoichiometry with a binding constant of 5.2 × 106 M–1. The addition of EDTA

to the  19-Cu2+ complex resulted in fluorescence quenching, suggesting the reversibility of the

Cu2+ sensing process.

Chen  et  al.  [58] synthesized  a  fluorescent  “on-off”  sensor  20  using  a  bis(2-

pyridylmethyl)amine as the metal recognition and electron-donating unit and 2-(3-cyano-4,5,5-

trimethylfuran-2(5H)-ylidene)malonitrile) as the electron-accepting moiety (Table 3 Sensor #20).

20  (10 µM) exhibited pronounced fluorescent quenching in  the presence of Cu2+  (50 µM) in
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EtOH:HEPES (1:4, v/v, pH = 7.2), which remained unaffected in the presence of other metal

ions (50 µM). The significant fluorescence quenching is likely due to the paramagnetic nature of

Cu2+. Also, the electron-donating ability of bis(2-pyridylmethyl)amine is expected to decrease as

a result of Cu2+ coordination, leading to a reduced intramolecular charge transfer. Probe 20 was

successfully affixed to a paper strip for sensing Cu2+ and reached a detection limit of 1 μM,

where the fluorescence signal was generated upon excitation using a UV lamp. 
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Limit of Detection Determined by Fluorescence Spectroscopy
40.0 nM – 190 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

16

Cu2+

Colorimetric &
Fluorometric

40 nM 4.89 x 105 M-1

Fluorometer 1:1

[Sensor] = 5 µM
[Cu2+] = 5 µM

None DMF [54]

17

Cu2+

Colorimetric &
Fluorometric

47 nM 1.24 x 106 M-1

Fluorometer 1:1
[Sensor] = 5 µM
[Cu2+] = 10 µM

[Sensor] = 5 µM
[Cu2+] = 0.5 µM

[Competing Metal Ions] =
5 µM

HEPES:
MeCN

(3:7, v/v)
pH = 7.2 

[55]

18

Cu2+

Colorimetric &
Fluorometric

~3 ppb
~47.2 nM 

0.44 x 105 M-1

UV-Vis

0.3 x 105 M-1

Fluorometer

1:1

[Sensor] = 10 µM
[Cu2+] = 30 ppb =

0.47 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
50 µM

MeCN: 50 mM
HEPES 

(1:1, v/v)
pH = 7.4

[56]
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Limit of Detection Determined by Fluorescence Spectroscopy
40.0 nM – 190 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

19

Cu2+

Colorimetric &
Fluorometric

74 nM 5.2 x 106 M-1

Fluorometer 1:1

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

DMSO: H2O
(1:9, v/v) [57]

20
Cu2+

Colorimetric &
Fluorometric

102 nM 3.6 x 104 M-1

Fluorometer 1:1

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
50 µM

EtOH: HEPES
(1:4, v/v) 
pH= 7.2

[58]

21
Cu2+

Colorimetric &
Fluorometric

106 nM 1.21 x 104 M-2

Fluorometer 2:1

 [Sensor] = 100 µM
[Cu2+] = 50 µM

[Sensor] = 200 µM
[Cu2+] = 2, 20 & 200 µM

Competing Mixture
[Li+, K+, Ca2+, Mg2+] = 0.1

M
[Hg2+, Zn2+, Cd2+, Ni2+,
Fe3+, Pb2+] = 50 µM

[Gly, His, Cys, Glu, Asp]
= 50 µM

[BSA] = 0.1 mg/mL

50% EtOH:
H2O

(1:1, v/v)
[59]

24



Table 3: Copper(II) sensors arranged from lowest to highest limit of detection in the range of 40.0 nM – 190 nM determined by fluorescence 
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded 
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant, 
binding stoichiometry (sensor: Cu2+), concentration of sensor and Cu2+ for naked eye detection, the Cu2+ selectivity assay conditions including 
concentration of sensor, Cu2+ and competing metal ions tested and solvent.
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3.4           0.20 µM - 0.30 µM  

An et al. [60] synthesized a dicyanoisophorone-based derivative “off-on” sensor 22 as a

selective sensor for Cu2+  (LOD = 0.2 µM) in MeCN:10 mM HEPES buffer (1:4, v/v, pH 7.4)

(Table 4 Sensor #22). Weakly fluorescent 22 (quantum yield,  Φ = 0.0039) used 2-picolinate as

the recognition unit for Cu2+, which catalyzed the hydrolysis of 22 to form a fluorescent product

(Φ = 0.04). The formation of this fluorescent product led to a bathochromic shift from 545 nm to

590 nm and a fluorescent enhancement at 590 nm. Fluorescence imaging for the detection of 40

µM  Cu2+ using  22  (20  µM)  incubated  in  HeLa,  cervical  cancer,  cells  demonstrated  low

cytotoxicity and good cell membrane permeability of the sensor. 

Mohammadi and Ghasemi [61] developed an “on-off” fluorescent pyrimidine-based Cu2+

sensor 23 (Table 4 Sensor #23). Upon excitation at 350 nm of 23 (10 µM) in the presence of 100

µM Cu2+ in DMSO:H2O (8:2, v/v), there was a significant reduction in fluorescence emission at

507 nm, which could be attributed to the paramagnetic nature of this metal ion. The binding

mode of probe 23 towards Cu2+  follows 1:1 stoichiometry and has a binding constant of 1.55 ×

105 M–1. While Cu2+ sensing using 23 was found to be reversible as the fluorescence profile of the

probe can be recovered using EDTA, detecting Cu2+ in Fe2+-containing samples might pose some

problems  because  of  Fe2+ fluorometric  interference.  Nevertheless,  the  colorimetric  utility  of

probe  23 has been demonstrated for detecting Cu2+ in well and seawater samples. To further

expand the application, 23 was fixed to paper to perform as 23-based test strips in Cu2+ detection.

The test strips were exposed to a range of 0.1 μM to 50 μM Cu2+ concentrations, and naked-eye

detection of 1 μM copper(II) was observed. This makes 23 a promising in-field sensor, but since

Cu2+ was the only metal tested, it would be interesting to analyze other metal ions in this range to
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investigate potential interference. 

Fu et al.  [62] reported an “on-off” fluorescent diarylethene-based probe  24 using 1,8-

naphthalimide Schiff base as Cu2+ recognition unit  (Table 4 Sensor #24). Diarylethene-based

molecules  are  known for  their  excellent  thermal  stability  and  fatigue  resistance,  while  1,8-

naphthalimide is characterized by having good photostability and a large Stoke’s shift.  24  in

MeCN  exhibited  reversible  photoswitching  when  irradiated  with  297  nm  light  followed  by

irradiation with visible light. The fluorescence of  24 (20 µM) was selectively quenched by the

addition  of  200  µM  of  Cu2+,  with  a  color  change  from greenish-yellow  to  colorless  and  a

detection limit of 2.4 μM. Fluorescence recovery was not attained upon the addition of EDTA,

indicating  the irreversibility  of  the sensing process.  As this  sensor  was used and applied  in

organic  solvents  such  as  acetonitrile  and  DMSO-d6,  this  might  limit  its  application  in  the

detection of Cu2+ in aqueous media.

Zhengye Gu et al. [63] conjugated a BODIPY derivative to dipyridylamino as a metal ion

recognition unit to yield an “off-on” chemosensor  26 with an LOD of 0.2 µM (Table 4 Sensor

#26). 26 (2 µM) exhibited fluorescent enhancement in the presence of 50 µM Cu2+ in MeCN, with

a color change from dark red to green. This enhancement could be due to a relative decrease in

the degree of π conjugation between the BODIPY moiety and the dipyridylamino unit, resulting

in the inhibition of the ICT process. The binding interaction between  26 and Cu2+ follows 1:1

stoichiometry with a binding constant of 8.86 × 105 M–1. The addition of EDTA into  26-Cu2+

solution did not restore the fluorescence profile of the solution back to that of free 26, indicating

irreversibility. The use of organic solvents such as acetonitrile and the fact that it acts as a dual

colorimetric and fluorometric sensor for Hg2+ and Pb2+ may limit the practical applications of this
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Limit of Detection Determined by Fluorescence Spectroscopy
0.20 µM – 0.30 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

22
Cu2+

Colorimetric &
Fluorometric

0.2 µM - reaction
based

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

MeCN: 10 mM
HEPES (1:4, v/

v)
pH = 7.4

[60]

23

Cu2+ & CN-

Colorimetric &
Fluorometric 

0.240 µM 1.55 x 105 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

DMSO: H2O 
(8:2, v/v) [61]

24

Cu2+ & F-

Colorimetric &
Fluorometric

2.4 µM 3.13 x 104 M-1

Fluorometer 1:1

[Sensor] = 20 µM
[Cu2+] = 20 µM

 [Sensor] = 20 µM
[Cu2+] = 200 µM

[Competing Metal Ions] =
200 µM

MeCN [62]

29



Limit of Detection Determined by Fluorescence Spectroscopy
0.20 µM – 0.30 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

25

Cu2+

Colorimetric &
Fluorometric

0.27 µM 9.56 x 109 M-2

Fluorometer 2:1

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

MeOH: 10 mM
HEPES (1:1, v/

v) 
pH = 7.0

[64]

26

Cu2+, Hg+,
Pb2+

Colorimetric &
Fluorometric

0.27 µM 8.86 x 105 M-1

Fluorometer 1:1

[Sensor] = 2 µM
[Cu2+] = 50 µM

[Sensor] = 2 µM
[Cu2+] = 15 µM

[Competing Metal Ions] =
50 µM

MeCN [63]

Table 4: Copper(II) sensors arranged from lowest to highest limit of detection in the range of 0.20 µM – 0.30 µM determined by fluorescence
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant,
binding stoichiometry (sensor:  Cu2+),  concentration  of sensor and Cu2+ for naked eye detection,  the Cu2+  selectivity  assay conditions  including
concentration of sensor, Cu2+ and competing metal ions tested and solvent
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3.5           0.35 µM – 15 µM  

Long et al.  [65] designed and synthesized a rhodamine B hydrazone derivative  27 as a

highly selective “on-off” fluorescence sensor for the identification of Cu2+ (Table 5 Sensor #27).

The addition of 200 µM Cu2+ induced the ring-opening of the spirolactam of 20 µM of  27 in

DMSO:H2O (1:9, v/v), resulting in a decrease of the emission peak at 492 nm. The addition of

200 µM EDTA to the 27-Cu2+ complex (Fig. 4) could release 27 from the complex and recover

the  fluorescence  intensity  of  free  27 at  492  nm,  indicating  the  reversibility  of  the  sensor.

However, this reversibility was not tested for more than one cycle, therefore it is unknown how

practical the reversibility is. 

Fig. 4: The proposed mechanism of Cu2+ coordination involving C=O, −OH, and C=N groups in

27 is  supported  by  the  Cu2+-induced  changes  in  the  stretching  vibration  absorption  peaks

corresponding to these bonds. Reproduced from Long et al. [65].  

Hu et al. [66] synthesized 3-hydroxyflavone derivative 28 as an “on-off” sensor for Cu2+

detection (Table 5 Sensor #28). Free 28, 20 µM in EtOH: PBS buffer (3:7, v/v, pH 7.0) exhibited

a  red  fluorescence  with  a  maximum emission  at  617 nm.  The  fluorescence  of  28 could  be

selectively quenched in the presence of 20 µM of Cu2+ (Fig. 5) as excited-state intramolecular

proton-transfer (ESIPT) is inhibited. The fluorescence could be partially restored by the addition
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of 20 µM EDTA. The fluorescent probe 28 (10 µM) was applied to the detection and fluorescent

imaging of 20 µM Cu2+ in biological systems, such as the human hepatoma cells, HepG2, using

the “on-off” approach. 

Fig. 5: The proposed interaction mechanism of 28 with Cu2+ shows the inhibition of the excited-

state intramolecular proton transfer (ESIPT) upon Cu2+ coordination. Modified from Hu et al.

[66]. 

He et al. [67] reported the sensing and photophysical properties of an “on-off” fluorescent

BODIPY derivative 29 with a bis[2-(phenylseleno)ethyl]amine as the metal recognition unit for

both Cu2+ and Hg2+ (Table 5 Sensor #29). Upon addition of 15 µM of Cu2+, 29 (2 µM) exhibited a

large fluorescent enhancement and red-shift of 27 nm. Visible color change under UV light from

orange to pink due to the formation of 29-Cu2+complex in MeCN was noticed. Sensor 29 had a

fluorometric response to both Cu2+ and Hg2+, therefore as shown in Fig. 6, 29 may work as a two-
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input “IMPLICATION” logic gate using Hg2+ (input 1) and Cu2+ (input 2) ions as inputs, and the

fluorescence intensity at 610 nm as the signal output. The fluorescence intensity at 610 nm was

lower than the threshold value of 100 nm when the input was (1,0), while the output was high

when the inputs were (0,1), (0,0), and (1,1). Employing this logic gate system that examines the

fluorescence  intensities  at  610  nm  with  a  100  nm  threshold  could  be  a  potential  way  to

distinguish between Hg2+ and Cu2+. 

Fig. 6: (A) Fluorescence intensity spectrum of 29 (2 µm), 𝜆ex = 530 nm, in the absence

(black) and presence of 20 µm Hg2+(red), 15 µm Cu2+(blue) and both metal ions (green).  (B)

Changes in fluorescence intensity values of 29 when exposed to 4 different input conditions and

examining the 610 nm wavelength with a threshold of 100 nm. (C) The “IMPLICATION” logic

gate for  29 with IN1= Hg2+and IN2= Cu2+. (d) The “IMPLICATION” truth table for IN1 and

IN2 inputs with corresponding outputs with 100 nm threshold examining at 610 nm. Reproduced

from He et al. [67].
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Manna et al. [68] prepared a benzohydrazide Schiff-base derivative “off-on” sensor 31 for

detecting Cu2+ (Table 5 Sensor #31). The formation of the 31-Cu2+ complex in MeOH:H2O (1:1,

v/v) showed enhancement in fluorescent intensity at 450 nm, which could be due to the inhibition

of  PET  and  electron-state  intramolecular  proton-transfer  (ESIPT)  processes  following  the

coordination of Cu2+  to imine N and salicylaldehyde hydroxyl O moiety. The same processes

were  inhibited,  resulting  in  fluorescent  enhancement  when  Ni2+ was  added  instead  of  Cu2+,

indicating that 31 could work as a two-input “OR” logic gate. As shown in Fig. 7, Cu2+ and Ni2+

were  used  as  inputs  when  exposed  to  31  in MeOH:H2O  (1:1,  v/v),  while  the  fluorescent

enhancement at 450 nm was the output in this system. When the inputs were (1,0), (0,1), and

(1,1), (Cu2+, Ni2+) respectively, the emission intensity at 450 nm was high. When the inputs were

(0,0) the emission intensity at 450 nm was low.  31  may also work as a two-input “INHIBIT”

logic gate (Fig. 7) using Cu2+ and cysteine as inputs and taking emission intensity at 450 nm as

output.

Fig.  7:  Logic  scheme for  the  proposed  “OR” and “INHIBIT”  logic  gates  using  probe  31.

Reproduced from Manna et al. [68].  
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Yufen Wang (2019) et  al.  [69] synthesized a spiropyran derivative  34  as an “off-on”

sensor for multi-ion detection, responding to Cu2+ and other ions, Hg2+, Al3+, Cr3+ & Ce3+ (Table 5

Sensor #34). Spiropyrans are small molecular switches that isomerize in response to a variety of

stimuli including light [70], redox-active molecules [71,72], and metal ions [73]. Sensor 34 (200

µM) in EtOH displayed a weak emission band at 510 nm. Upon addition of 200 µM Cu2+, the

formation of the 34-Cu2+ complex showed a strong fluorescent enhancement at 510 and 675 nm,

as  the  complexation  facilitated  the  isomerization  of  the  spiropyran  to  its  ring-open  and

fluorescent merocyanine isomer.  34 also exhibited fluorescent and colorimetric enhancement in

the presence of 200 µM of Hg2+, Ce3+, Al3+, and Cr3+. Even though this multi-sensor does not

exclusively detect Cu2+, it may be useful in narrowing down the pool of potential contaminants in

a sample.

Bayindir  and  Toprak   [74] synthesized  a  weakly  “off-on”  fluorescent  bis-pyrene

compound  35 to recognize Cu2+  with a limit of detection of 14.5 µM   (Table 5 Sensor #35).

Insight into 35-Cu2+ complexation was examined using FT-IR, and a noticeable disappearance of

NH and C=S vibrational bands of the  35-Cu2+ complex indicated tautomerization resulting in

Cu2+ being bound to a thiol moiety and imine N (Fig. 8). Fluorescence titration experiments of 35

(10 µM) showed a gradual increase in the fluorescent intensity at 439 nm (𝛌ex = 376 nm) upon

the  addition  of  Cu2+ in  MeCN.  Full  saturation  in  fluorescence  intensity  was  achieved  at  8

equivalents of Cu2+. A notable increase in emission at 437 nm was also observed in the presence

of 10 µM Hg2+, and competition experiments revealed that 50 µM of Ni2+ could interfere with 50

µM of Cu2+ in the presence of 10 µM 35, as a significant reduction in emission was observed.

Nickel(II) interference was not found in the colorimetric studies. However, when 50 µM of Hg2+
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was incubated with 10 µM 35, a faint yellow color was observed. Since Cu2+ produced a yellow

color under the same conditions, the optical analysis of Cu2+ detection could be ambiguous due to

the possibility of a false positive. 

Fig.  8:  Proposed interaction  mechanism of  probe  35  with  Cu2+.  FT-IR data  indicated  Cu2+

binding to the thiol and imine moieties,  suggesting possible tautomerization from C–NH and

C=S to C=N and C–SH. Reproduced from Bayindir et al. [74]. 
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Limit of Detection Determined by Fluorescence Spectroscopy
0.35 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

27
Cu2+, CN- 

Colorimetric &
Fluorometric

0.363 µM - 1:1

[Sensor] = 20 µM
[Cu2+] = 1 mM

[Sensor] = 20 µM
[Cu2+] = 1 mM

[Competing Metal Ions] =
1 mM

DMSO: H2O 
(1:9, v/v) [65]

28

Cu2+

Colorimetric &
Fluorometric

0.57 µM 3.2 x 104 M-1

Fluorometer 2:1
[Sensor] = 20 µM

[Cu2+] = 8 µM

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

EtOH: PBS
(3:7, v/v)
pH = 7.0

[66]

29

Cu2+ & Hg2+

Colorimetric &
Fluorometric

0.92 µM 2.95 x 104 M-1

Fluorometer 1:1

[Sensor] = 2 µM
[Cu2+] = 50 µM

[Sensor] = 2 µM
[Cu2+] = 15 µM

[Competing Metal Ions] =
50 µM

MeCN [67]
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Limit of Detection Determined by Fluorescence Spectroscopy
0.35 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

30

Cu2+ & Hg2+

Colorimetric &
Fluorometric

0.10 ppm
≈ 1.57

µM

1.09 x 104 M-1

Fluorometer 1:1

[Sensor] = 30 µM
[Cu2+] = 100 µM

[Sensor] = 30 µM
[Cu2+] = 300 µM

[Competing Metal Ions] =
300 µM

DMSO: H2O 
(4:1, v/v)

buffered with
HEPES 
pH = 7.8 

[75]

31

Cu2+, Ni2+

Colorimetric &
Fluorometric

2.26 µM 1.13 x 106 M-1

UV-Vis 1:1
 

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Sensor]= 10 µM
[Cu2+] = 30 µM

[Competing Metal Ions] =
30 µM

MeOH: H2O
(1:1, v/v) [68]

32

Cu2+ 

Colorimetric &
Fluorometric

6.13 µM - reaction
based

 [Sensor] = 100 µM
[Cu2+] = 2 mM

None
MeCN:

Distilled H2O
(95:5, v/v)

[76]
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Limit of Detection Determined by Fluorescence Spectroscopy
0.35 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

33

Cu2+ 

Colorimetric &
Fluorometric

10 µM 2.5 x 106 M-1

Fluorometer 1:2

[Sensor] = 150 µM
[Cu2+] = 300 µM

[Sensor] = 15 µM
[Cu2+] = 300 µM

[Competing Metal Ions] =
300 µM

MeCN: H2O
(1:1, v/v)
pH = 7.0

[77]

34

Cu2+, Hg2+

Al3+, Cr3+ &
Ce3+

Colorimetric &
Fluorometric

10 µM - 2:1

[Sensor] = 2 mM
[Cu2+] = 2 mM

None EtOH [69]

35

Cu2+ 

Colorimetric &
Fluorometric

14.5 µM 3.26 x 104 M-1

Fluorometer 1:1

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
50 µM

MeCN [74]

Table 5:  Copper(II)  sensors arranged from lowest to highest limit  of detection in the range of 0.35 µM – 15 µM determined by fluorescence
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant,
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binding stoichiometry (sensor:  Cu2+),  concentration  of sensor and Cu2+ for naked eye detection,  the Cu2+  selectivity  assay conditions  including
concentration of sensor, Cu2+ and competing metal ions tested and solvent.
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4. Limit of detection determined by UV-Vis spectroscopy 

The sensors in this section calculated their respective LOD’s for Cu2+ detection using a

UV-Vis  spectrophotometer  (Table  1).  Further  details  such  as  alternative  ions  recognized,

association  constant  (Ka),  binding  stoichiometry  (sensor:  Cu2+),  naked-eye  detection

concentrations of sensor and Cu2+, competition assay concentrations of a sensor, Cu2+, and other

metal ions, and solvent conditions used when determining LOD, are provided. 

4.1           8 nM – 90 nM  

The sensors in this category were able to achieve the lowest LOD of copper(II) to date

[40,78–84].  Common structural  moieties  utilized  for  copper(II)  detection  include  rhodamine

[79,83], Schiff-base [40,79,80], and coumarin [40,83]. Interestingly, Gao et al., Sengupta et al.,

and Basurto et al. were the only groups to develop a sensor specific for copper(II) detection,

whereas the other reported sensors simultaneously detected other cations, (Al3+, Co2+, Fe3+and

Cr3+), anions (AcO-, F-, and S2-) or cysteine. 

Gao et al. [78] synthesized a heptamethine cyanine dye that detected copper(II) through

the inhibition reaction of L-cysteine with sensor 36 and subsequent oxidation of L-cysteine to its

disulfide derivative (Table 6 Sensor #36).  36 contains two key units,  ketone-cyanine,  and p-

nitrobenzoyl, that are important in the inhibition reaction (Fig. 9). When there is no copper(II) in

solution, 20 µM of L-cysteine is reacted at room temperature for 10 minutes with 10 µM of 36.

The  thiol  from  L-cysteine  will  cleave  the  ester  in  36 resulting  in  the  intramolecular

rearrangement of p-nitrobenzoyl and L-cysteine to form S-(4-nitrobenzoyl)cysteine and cyanine

dye (ketone-cyanine). The release of the dye provides the red color, indicating an absence of
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copper(II). When copper(II) is introduced in solution with L-cysteine for 12 minutes at room

temperature, L-cysteine will catalytically oxidize to L-cystine, thus inhibiting the cyclization and

release of the cyanine dye. The addition of 36 and reaction at room temperature for 10 minutes

consequently turns the solution green, indicating the presence of copper(II). In addition to its low

limit of detection of 8.6 nM, this sensor was able to detect copper(II) in practical samples such as

tap water, seawater, and biological samples spiked with two concentrations of copper(II), 0.5 µM

and 1 µM. However, the fact that this sensor is dependent on the oxidation of L-cysteine might

hinder the in-field application because chemicals such as NaHSO3 can consume oxygen in the

sample and favor the inhibition reaction of L-cysteine.  It  was shown that introducing 0.2 M

NaHSO3 into solution considerably decreases the absorbance peak at 770 nm, which is associated

with  the  colorimetric  detection  of  copper(II),  over  the  control  without  NaHSO3.  This  could

potentially lead to a false negative. 
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Fig. 9: Synthesis of sensor 36 and proposed mechanism for detecting copper(II). Cy.7.Cl (0.19

mmol) was dissolved in triethylamine (0.6 mmol) and CH2Cl2 and chilled to 0oC. To this solution

p-nitrobenzoyl was added dropwise and stirred overnight at room temperature to afford 36, the

green product. When copper is absent and 36 and L-cysteine are present in solution, 36 reacts

with L-cysteine to produce S-(4-nitrobenzoyl) cysteine and ketone-cy, thus changing the color

from green to red. When copper(II) is present in solution, L-cysteine is oxidized by copper(II) to

produce L-cystine, therefore keeping 36 intact and the color remains green. Modified from Gao

et al. [78].   
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Gupta et al. [79] developed a rhodamine-spirolactam sensor, 37, containing a Schiff-base

unit,  that  was able to  detect  metal  ions such as copper(II)  (LOD = 9.9 nM), aluminum(III),

iron(III)  colorimetrically  and  iron(III)  fluorometrically  (Table  6  Sensor  #37).  Sensor  37 is

initially colorless in MeOH: H2O (1:1, v/v) solution, and upon addition of various metal ions, a

strong absorbance band appeared at 555 nm when copper(II),  aluminum(III),  or iron(III) was

bound. The metal  binding to  37 changed the color from colorless to magenta and this  color

change was attributed to the spirocyclic ring-opening of spirolactam. Furthermore, when 37 and

aluminum(III) were bound and in the magenta 37-Al3+ complex, detection of anions, F- and AcO-

was possible through the release of Al3+ and thus retrieving the initial colorless 37 complex. To

utilize  the  sensor  for  paper  test  strips  for  naked-eye  detection  of  Cu2+,  Fe3+,  Al3+,  2-Al3+ +

F-/AcO-, 1 mM of 37 was fixed to Whatman filter paper. When the test strips were sprayed with

100 µM of these ions, the color changes mentioned above were observed. Although they were

able to successfully fix the sensor to paper and test the strips for ions Cu2+, Fe3+, Al3+, 2-Al3+ + F-/

AcO-, no other metal ions were tested, and no competition studies were done to determine if the

test strip in fact achieved the same results when fixed to paper as it did in solution. 

Yuan Wang (2019) et al.  [83] synthesized  41, utilizing a rhodamine-spirolactam sensor

and incorporating a coumarin moiety (Table 6 Sensor #41). When 41 (10 µM) was dissolved in

pure MeOH and exposed to 2 equivalents of metal ions, an absorbance peak arose at 523 nm

when  subjected  to  copper(II).  However,  other  metals  such  as  Co2+,  Zn2+,  Fe3+,  and  Mn2+

confounded analysis at this wavelength and therefore became difficult to detect only copper(II).

Interestingly, when 41 (20 µM) was dissolved in pure H2O and again exposed to 2 equivalents of

metal ions, only the copper(II) solution displayed a strong absorbance band at 532 nm and a
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significant color change from colorless to pale pink (Fig. 10A). This difference in selectivity for

copper(II)  in MeOH and H2O is believed to be due to the induced aggregation of  41 as  the

solvent polarity increases. DLS measurements support this concept as the average size of  41

increased from 36.75 nm, 89.08 nm and 122.40 nm as water content increased from 20%, 50%,

and 100% respectively.  Transmission electron microscopy (TEM) image of 41 in 100% H2O is

shown in Fig. 10B and when copper(II) is introduced to the solution of 41, a noticeable change

in size is observed in the TEM image (Fig. 10C). Additionally, DLS measurements substantiate

this visible change in size as a decrease is seen for 41 from 122.40 nm to 48.51 nm of 7+Cu2+ in

100% H2O.     

Fig. 10: (A) UV-Vis absorbance profile of 41, 20 µM, upon the addition of 40 µM metal ions in

H2O: Ag+, Al3+, Ca2+, Cd2+, Co2+, Cr3+, Fe3+, Hg2+, K+, Mg2+, Na+, Ni2+, Pb2+, Zn2+ and Cu2+.

Inset:  Color  changes  of  41 from colorless  to  pale  pink  upon the  addition  of  2  equivalents

copper(II). Transmission electron microscopy (TEM) images of (B) 41 and (C) 41+Cu2+ in H2O.

Modified from Wang(2020) et al. [83].
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Min Seon Kim (2017) et al.  [80] synthesized a copper(II) sensor that contains a Schiff-

base unit that bridges the quinoline unit to the trifluoromethyl pyrimidine component, sensor 38

(Table 6 Sensor #38). When copper(II) or cobalt(II) was present in 10 mM bis-tris buffer:DMF

(4:1, v/v, pH = 7.0) solution of 38, an imine from the Schiff-base unit, quinoline, and pyrimidine,

chelated the metal ion via binding stoichiometry of 2:1 sensor to metal. A noticeable absorbance

band at 460 nm appeared when 18 µM of Cu2+ or Co2+ was present in a solution with 10 µM of 38

and was accompanied by colorimetric detection from colorless to yellow. When copper(II) was

bound to 38 and S2- was present in the solution, the absorbance band at 460 nm, attributed to 38-

Cu2+, decreased and the appearance of the original sensor 38 absorbance maximum at 340 nm re-

appeared. It was proposed that S2- de-chelates copper(II) from the 38-Cu2+ complex to form CuS

and sequential recovery of 38. A pH dependence study was performed on 38 from pH 2-12 while

monitoring  the absorbance at  460 nm. The results  revealed that  38 was able to maintain its

sensing ability between pH 4-12, implying that this sensor can be employed under physiological

conditions.  Further  analysis  of  copper(II)  detection  was  explored  using  UV-Vis  spectral

measurements examining 460 nm wavelength of 38 (15 µL in DMF) dissolved in 0.84 mL of 100

mM bis-Tris buffer:DMF solution (4:1, v/v) and diluted to a total volume of 3 mL with drinking

water or tap water spiked with 2.40 µL of Cu2+. Ultimately, 38 was able to recover 2.48 µL and

2.52 µL of the spiked copper(II) in the sample of drinking water or tap water, respectively. With

the aid of a portable UV-Vis, 38 has the potential to be an in-field copper(II) sensor. However,

the fact that it also senses cobalt(II) poses a problem if the detection of copper(II) only is the

intention. 
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Zhi-Gang  Wang  (2020)  et  al.  [40] employed  a  naphthohydrazide-based  sensor  4

containing  a  coumarin  moiety  that  is  able  to  colorimetrically  and  fluorometrically  detect

copper(II) and cobalt(II) (Table 6 Sensor #4). Sensor 4 (2.5 µM) exhibited a yellow color in

EtOH:10mM  phosphate  buffer  (7:13,  v/v,  pH =  7.2)  and  upon  addition  of  1  equivalent  of

copper(II) or cobalt(II), the color changed from yellow to orange-red, while the other metal ions

tested remained yellow. In order to ascertain only cobalt(II) binding, a solution of 4 (2.5 µM),

copper(II)  (0.5  eq.),  and  cobalt(II)  (0.5  eq.)  were  exposed  to  10  equivalents  of  glutathione

(GSH), a known tripeptide containing a thiol moiety on cysteine that has a high binding affinity

for copper(II), Ka  ≈ 1016  [85–87]. Consequently, GSH displaced copper(II), generating the Cu2+-

GSH complex,  while  simultaneously  recovering 4,  and  a  yellow color  was  observed,  while

cobalt(II) remained orange-red in color. To distinguish only copper(II) binding, a solution of 4

(2.5 µM), copper(II) (0.5 eq.), and cobalt(II) (0.5 eq.) were adjusted to pH 4 using 0.1 M HCl or

HNO3,  which  displaced  cobalt(II)  and  recovered  sensor 4  (yellow  color),  while  copper(II)

remained  orange-red  in  color.  The ability  to  discriminate  between Cu2+ or  Co2+ through the

introduction of GSH or pH adjustment to 4 makes 4 a promising colorimetric copper(II) in-field

sensor. 

Tavallali et al. [81] employed a commercially available dye, 4-(2-pyridylazo) resorcinol,

sensor 39, that could detect copper(II) in six-fold excess to confounding metal ions to copper(II)

in water (Table 6 Sensor #39).  39  (50 µM) exhibited an absorbance peak at 412 nm and was

yellow in color. When equimolar copper(II) concentration was introduced into the solution, a

large red-shift  to the new absorbance max of 508 nm and accompanying color change from

yellow to red was observed. Furthermore, when the 39-Cu2+  complex is produced, the detection
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of cysteine is possible through the demetallation of copper(II) forming [Cu(Cys)n] and recovery

of  39. Using the two distinct absorbances at 412 nm and 508 nm, an “IMPLICATION” and

“INHIBIT” logic gate were devised using the absence and presence of copper(II) and/or cysteine

described as “0” and “1”. Due to the feasibility of obtaining  39, its low limit of detection (31

nM) and the  colorimetric  response  to  copper(II)  in  water,  39 shows potential  as  an in-field

copper(II) sensor. If detecting copper(II) in biological applications is the goal, it is important to

be aware of the displacement of copper(II) from 39 due to cysteine and other possible bio-thiols,

such as GSH and homocysteine.    

Sengupta et al.  [82] utilized sinapic acid, a naturally occurring small  molecule that is

commercially available, as a naked-eye copper(II) sensor that was able to detect copper down to

64.5 nM (Table 6 Sensor #40).When 40 (25 µM) was dissolved in MeCN:10 mM tris-HCl buffer

(9:1, v/v,  pH 7.4), it exhibited two distinct absorbance peaks at 236 nm and 320 nm and is

colorless to the naked eye. When 50 µM of Cu2+ was introduced, a new absorbance peak at 512

nm appeared and the color changed from colorless to pink. Ultimately, 40 was applied as a paper

strip test by fixing the sensor to filter paper. When the strip was submerged into an aqueous

solution  of  copper(II),  50  µM,  100  µM and  150  µM independently,  the  color  change  from

colorless  to  pink  was  once  again  observed.  It  would  have  been  interesting  to  test  copper

concentrations at the maximum allowable contaminant level of copper(II) in drinking water at

20.5 µM and 31.5 µM determined by the Environmental Protection Agency and World Health

Organization, respectively [3,4].

Basurto  et  al.  [84] created  a  series  of  1-dicyanomethylene-2-chloro-3-aminoindene

chromophores that offered cation sensing of Cu2+,  Fe3+,  Al3+,  Hg2+,  Sc3+,  and Sn2+,  and anion
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sensing CN-.  Of these 8 chromophores synthesized,  sensor  42 bearing two allyl  groups,  was

responsive to only copper(II) (Table 6 Sensor #42). Sensor 42 possessed a deep purple color

when dissolved in acetonitrile and produced an absorbance band at 529 nm. As copper(II) was

titrated into the solution, a noticeable decrease at 539 nm was noticed. The change in color from

purple to colorless indicates that 42 is a “turn-off” sensor. An application has yet to be made to

test  the  sensor’s  ability  for  in-field  studies  but  the  straightforward  and high  yielding  (97%)

synthesis of 42 could make it a promising option for a copper(II) sensor.  

Of the sensors in this category with LOD from 8 nM – 90 nM, it is interesting to note that

three of the eight sensors employed a thiol containing molecule, such as cysteine or GSH, to

oxidize  or  displace  copper  from  the  sensor  [40,78,81].  This  displacement  method,  which

ultimately resulted in the recovery of the sensor, was a common method used to detect other

anions or to distinguish between two competing metal ions [40,79–81,84]. Lastly, two sensors, 4-

(2-pridylazo) resorcinol,  39, and sinapic acid,  40, did not require any further synthesis as they

were commercially bought and were able to achieve copper(II) sensing at 31 nM and 64.5 nM,

respectively [81,82].
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Limit of Detection Determined by UV-Vis Spectroscopy 
8 nM – 90 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

36 Cu2+ 

Colorimetric 8.6 nM - reaction
based

[Sensor] = 0.5 µM
[Cu2+] = 0-0.8 µM

[Sensor] = 0.5 µM
[Cu2+] = 2.5 µM

[Competing Metal Ions] =
25 µM

PBS buffer 
pH = 7.4 [78]

37

Cu2+, Al3+, 
AcO- & F-

  
Colorimetric

Fe3+

Fluorometric

9.9 nM 1.1 x 106 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

MeOH: H2O
(1:1, v/v) [79]

38 Cu2+, Co2+, S2-

Colorimetric 20 nM 1.0 x 1010 M-2

UV-Vis 2:1

[Sensor] = 10 µM
[Cu2+] = 18 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

10 mM bis-tris
buffer: DMF

(4:1, v/v)  
pH= 7.0

[80]
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Limit of Detection Determined by UV-Vis Spectroscopy 
8 nM – 90 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

39

Cu2+
 &

Cysteine

Colorimetric
 31 nM 2.12 x 104 M-1

UV-Vis 1:1

[Sensor] = 50 µM
[Cu2+] = 39 µM

[Sensor] = 50 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
300 µM

H2O [81]

4
Cu2+

 & Co2+

Colorimetric &
Fluorometric 

62.1 nM 1.26 x 106 M-1

Fluorometer 2:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 2.5 µM
[Cu2+] = 2.5 µM

[Competing Metal Ions] =
2.5 µM

EtOH:10 mM
Phosphate

buffer
(7:13, v/v) 
pH= 7.2

[40]

40
Cu2+

 

Colorimetric
64.5 nM 1.7 x 109 M-1

UV-Vis 1:2

[Sensor] = 25 µM
[Cu2+] = 50 µM

[Sensor] = 25 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
125 µM

MeCN:10 mM
tris-HCl buffer

(9:1, v/v) 
pH= 7.4

[82]
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Limit of Detection Determined by UV-Vis Spectroscopy 
8 nM – 90 nM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

41

Cu2+

Colorimetric

Al3+, Fe3+, Cr3+

& Co2+

Fluorometric

86.8 nM 5.93 x 105 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 40 µM

[Sensor] = 20 µM
[Cu2+] = 40 µM

[Competing Metal Ions] =
40 µM

H2O [83]

42 Cu2+

Colorimetric 94.6 nM 8.51 x 105 M-1

UV-Vis 1:1

[Sensor] = 100 µM
[Cu2+] = 200 µM

[Sensor] = 100 µM
[Cu2+] = 200 µM

[Competing Metal Ions] =
200 µM

MeCN [84]

Table 6: Copper(II) sensors arranged from lowest to highest limit of detection in the range of 8 nM – 90 nM determined by UV-Vis spectroscopy.
Information  provided:  Sensor  number,  chemical  structure  (green  atoms  indicate  the  proposed mechanism of  Cu2+ coordination.  Shaded  green
indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant, binding
stoichiometry (sensor: Cu2+), concentration of sensor and Cu2+ for naked eye detection, the Cu2+ selectivity assay conditions including concentration
of sensor, Cu2+ and competing metal ions tested and solvent.
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4.2           0.10 µM – 0.19 µM  

Lin et al. [88] synthesized a series of three acylthiosemicarbazides bearing a nitrophenyl

with no nitro-group, one nitro-group, and two nitro-groups. Sensor 43, having two nitro groups,

was the only sensor that was able to detect and provide a colorimetric response to copper(II) with

a limit of detection of 0.10 µM (Table 7 Sensor #43). When  43  (20 µM) was incubated with

copper(II)  (100  µM),  a  noticeable  color  change  from  brown  to  green  was  observed.  This

observation was also seen when 43 and copper(II) were in the presence of various cations (100

µM). To take advantage of the colorimetric response of 43 to copper(II), test strips were created

by soaking  43  (0.1 M) dissolved in DMSO onto filter paper and air drying. Once exposed to

copper(II), the test strip turned green, while the test trips for other cations were yellow.  Although

no concentration of copper was reported for the test strip experiment, this discernment between

copper  and other  cations,  in  conjunction with the test  strip application,  makes  43 a possible

candidate for in-field copper(II) detection.                  

In our work, Trevino et al.  [73] developed a dimethylamine-functionalized spiropyran-

based copper(II) sensor 44, and achieved a limit of detection of 0.11 µM (Table 7 Sensor #44). A

Job's plot experiment determined that the binding stoichiometry for sensor 44 to copper was 1:1.

DFT calculations were performed to determine that in the presence of copper(II), spiropyran 44

isomerizes to its ring-open merocyanine 44 species and binds copper(II) at the phenolic oxygen

thus, changing the color from pale pink to green (Fig. 11). While spiropyrans are notorious for

ring-opening in the presence of UV light, a study was conducted by irradiating 44 with 302 nm

light for 15 minutes to demonstrate that light does not induce isomerization. Competition studies

were applied with 44 (100 µM), copper(II) (100 µM), and 10 equivalent of various other cations
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(1 mM), which are the highest equivalents of competing metal ions to copper tested in this 0.10

µM  –  0.19  µM LOD  category  of  sensors.  It  was  shown  that  10  equivalents  Pb2+ and  10

equivalents Fe3+ interfered with the copper(II) sensing ability, rendering a false positive or false

negative, respectively. Pre-treatment methods could be used to remove these two cations prior to

testing, therefore making this sensor a viable option.

Fig.  11:  Isomerization  and  respective  color  change  of  the  spiropyran  44,  pale  pink, to

merocyanine 44, green, in the presence of copper(II). Modified from Trevino et al. [73].     

Xie et al. [47] utilized rhodamine 101 dye combined with spirolactam to develop 13 with

ratiometric changes in absorbance intensities (583 nm/370 nm) for the detection of Cu2+
 and Co2+

(Table 7 Sensor #13). When 13 (20 µM) was exposed to 20 µM of Cu2+
 or Co2+ there was a

colorimetric response from colorless to purple, due to the ring-opening of the spirolactam and

subsequent binding of the metal. This observation was also witnessed in the UV-Vis spectrum

with a decrease in absorbance at 370 nm and an appearance of a band at 583 nm when  13 was

subjected to Cu2+
 or Co2+. Interestingly, when 13 was bound to Cu2+

 or Co2+, only  13-Cu2+ was
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reversible  upon  the  addition  of  ethylenediaminetetraacetic  acid  (EDTA),  a  common  metal

chelator. This approach could be a potential method to discern copper(II) from cobalt(II). 

Mohammadi  and  Ghasemi   [61] employed  a  pyrimidine-based  chemosensor  23

containing  an aminothiazole  to  assist  in  copper(II)  chelation through the sulfur and nitrogen

atoms (Table 7 Sensor #23). Sensor  23 (10 µM) absorbs at 439 nm when dissolved in DMSO:

H2O (8:2, v/v) and is yellow in color. In the presence of 10 equivalents of 13 metal ions, 12

anions, or 14 amino acids, only Cu2+ changed to red, with the appearance of a new band at 304

nm. Additional colorimetric detection of CN-
 (LOD = 0.320 µM) via displacement of Cu2+ from

23-Cu2+
 was also seen in the presence of 30 equivalents of various anions. Lastly, test strips were

assembled by immersing filter paper in 23 (100 mM) dissolved in acetonitrile and oven drying.

When the test strips were submerged in aqueous copper(II) concentrations ranging from 0.10 µM

– 50 µM, there was a detectable difference between the test strip with copper(II) at 1 µM (red

brown) and without (yellow).   

Lui et al. [89] synthesized N,N’bis(2-methoxy-ethyl)-2,3,3-trimethyl-3H-squarine, sensor

49,   that  achieved a limit  of detection for copper(II)  at  0.188 µM (Table 7 Sensor #49).  49

(10µM) was evaluated in eight different polar solvents, and acetonitrile was the only solvent that

afforded selectivity for copper(II) (20 µM) by exhibiting a “turn-off” response, changing from

blue to colorless. When 49 was subjected to 50 µM competing metal ions followed by 50 µM

copper(II), it was shown that Cd2+ interfered with the “turn-off” capability, which could result in

a false reading of Cu2+ detection. 

A commonality noticed in this group of sensors was the employment of sulfur, whether it

be in a thiosemicarbazine or thiazole,  to aid in copper(II) binding or usage for its  electronic
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spectral properties  [47,61,88,90]. Moreover, four sensors utilized the switching capability of a

spiro-carbon to achieve a colorimetric response [47,73,91,92].
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.10 µM – 0.19 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay 

Conditions Solvent Ref

43

Cu2+ 

Colorimetric 0.10 µM 1.5 x 104 M-1

UV-Vis 2:1

[Sensor] = 10 µM
[Cu2+] = 1 µM

[Sensor] = 20 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

DMSO: HEPES
buffer

(9:1, v/v) 
pH= 7.0

[88]

44 Cu2+

Colorimetric 0.11 µM - 1:1

[Sensor] = 100 µM
[Cu2+] = 6 µM

[Sensor] = 100 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
1 mM

EtOH [73]

13

Cu2+, Co2+

Colorimetric

Cu2+, Co2+

Ni2+ 
Fluorometric 

0.11 µM 9.9 x 10 4 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

10 mM PBS
buffer: 40%

EtOH
(1:1, v/v) 
pH= 7.4

[47]
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.10 µM – 0.19 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay 

Conditions Solvent Ref

23

Cu2+ & CN-

Colorimetric &
Fluorometric 

0.116 µM 1.55 x 105 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

DMSO: H2O 
(8:2, v/v) [61]

45

Cu2+, AMP2-,
F-, AcO-

Colorimetric 

0.12 µM 9.08 x 104 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

DMSO: H2O 
(8:2, v/v) [90]

46
Cu2+

 

Colorimetric 
0.125 µM 1.08 x 106 M-1

UV-Vis 2:1

[Sensor] = 25 µM
[Cu2+] = 1.9 µM

[Sensor] = 25 µM
[Cu2+] = 25 µM

[Competing Metal Ions] =
50 µM

MeCN: H2O
(10:1, v/v) [93]
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.10 µM – 0.19 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay 

Conditions Solvent Ref

47
Cu2+ & Co2+

 

Colorimetric
0.140 µM 1.88 x 103 M-1

UV-Vis 1:2

 [Sensor] = 5 µM
[Cu2+] = 5 µM

[Sensor] = 5 µM
[Cu2+] = 5 µM

[Competing Metal Ions] =
5 µM

DMF: HEPES
(7:3, v/v)
pH = 7.0

[92]

48
Cu2+

 

Colorimetric
0.15 µM 3.5 x 1010 M-2

UV-Vis 1:2

 [Sensor] = 10 µM
[Cu2+] = 100 µM

None

MeCN: 10 mM
HEPES buffer

(4:1, v/v) 
pH= 7.4

[91]

49
Cu2+

 

Colorimetric
0.188 µM - 1:2

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
50 µM

MeCN [89]
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.10 µM – 0.19 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay 

Conditions Solvent Ref

50

Cu2+ 
Colorimetric

Fe3+ 
Fluorometric

0.188 µM 4.94 x 103 M-1

UV-Vis 1:1

[Sensor] = 5 µM
[Cu2+] = 30 µM

[Sensor] = 5 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
10 µM

MeOH: Tris-
HCl (6:4, v/v)

pH = 7.2
[94]

Table  7:  Copper(II)  sensors  arranged  from lowest  to  highest  limit  of  detection  in  the  range  of  0.10  µM –  0.19  µM determined  by UV-Vis
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant,
binding stoichiometry (sensor:  Cu2+),  concentration  of sensor and Cu2+ for naked eye detection,  the Cu2+  selectivity  assay conditions  including
concentration of sensor, Cu2+ and competing metal ions tested and solvent.
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4.3            0.20 µM – 0.49 µM  

This tier  of sensors incorporated the Schiff-base motif  into eight out of the nine total

copper(II) sensors listed. Furthermore, seven sensors utilized the Schiff-base imine to directly

coordinate with copper(II) [44,68,95–99]. Interestingly, all the sensors displayed a yellow color,

either in the “on” or “off” colorimetric response to copper(II).  

In 2013, Zhou et al.  [96] developed two diaminomaleonitrile-based derivatives with an

aza-crown ether linker for improved solubility in aqueous solutions (Table 8 Sensor #52). Sensor

52 contained  an aza-15-crown-5 ether,  which  showed superior  selectivity  and sensitivity  for

Cu2+, LOD = 0.20 µM in THF: H2O (1:4 v/v), than its other counterpart, aza-18 crown-6 ether,

LOD = 1 µM in MeCN. Since  52 encompasses a smaller  ring cavity size,  Cu2+  binds at  the

diamines only with a binding stoichiometry of 1:1 sensor: Cu2+, while the aza-18 derivative can

coordinate Cu2+ at the diamines and the crown ether. In this review, this is the only instance of

applying a macrocycle for improved solubility in an aqueous environment. Since most sensors

are lacking solubility in water, this study could guide further designs incorporating this idea. 

Manna et al.  [68] created a benzohydrazide-based sensor 31 with a Schiff-base unit that

was able to detect Cu2+ and Ni2+, both colorimetrically and fluorometrically (Table 8 Sensor #31).

Sensor  31 offered a “turn-on” response, changing from colorless to yellow, in the presence of

either metal ion. In the presence of EDTA, 31 exhibited reversibility with the disappearance of

31-M2+  absorbance max at 394 nm and recovery of  31 at 270 nm. This reversibility was seen

when cysteine was added to the 31-Cu2+ complex and not observed for the 31-Ni2+ complex. This

concept  was  used to  develop  an “OR” and “INHIBIT” logic  gate.  Utilizing  cysteine’s  high
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binding affinity for copper(II), Ka ≈ 1016 [85–87], as a way to distinguish between Cu2+ and Ni2+,

could be the basis of further development of 31 for in-field applications.

Dolai et al. [98] synthesized an ortho-hydroxy naphthaldimine-based probe 54 containing

a gluco-furanose moiety (Table 8 Sensor #54). The C-5 carbon of the sugar was modified to have

an -OH or -MeOH group to demonstrate the importance of the hydroxyl in Cu2+ metal chelation.

Sensor 54 (100 µM), containing -OH, changed from pale yellow to colorless in the presence of

Cu2+ (200 µM) (Fig. 12A). This observation was not evident with the compound having -MeOH

group. DFT calculations (Fig. 12B) and 1H NMR of 54-Cu2+ show metal coordination at the -OH

on the C-5 carbon of the sugar, Schiff-base imine, and -OH on the naphthaldimine. Furthermore,

a reversibility  assay was done with EDTA and revealed that  54  can be recovered up to two

cycles before absorbance and naked-eye detection were no longer observable. This reversibility

is appealing as 54 is recyclable however, the discernment between pale yellow and colorless may

be difficult to deduce. 
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Fig. 12: (A) Proposed binding of Cu2+  (200 µM), to sensor 54 (100 µM), with respective color

change from pale yellow to colorless in MeCN:H2O (1:4, v/v).  (B) DFT calculation suggesting

coordination to Cu2+occurs at the two oxygens (red) and one imine (blue) of 54. Modified from

Dolai et al. [98].

Mohammadi, Khalili and Haghayegh [100] made a chromone-based colorimetric sensor

56 (1 µM) that demonstrated a naked-eye color change from colorless to yellow upon addition of

1 µM of Cu2+  and remained colorless for all other twelve metal ions tested individually at that

concentration  (Table  8  Sensor  #56).  Furthermore,  56 exhibited  a  fast  response  time  for

complexation with Cu2+ and reached its absorbance max at 306 nm within 10 seconds. This 56-

Cu2+ complex remained stable over several weeks. Test strips were prepared by coating filter

paper with  56  (10 mM) in acetonitrile and air drying. When the test strips were dipped into

varying aqueous Cu2+ concentrations (10-3 M – 10-7 M) separately, a detectable pale-yellow color

was  observed  at  10-6 M  (Fig.  13A).  This  detection  is  far  below  the  maximum  allowable

contaminant  level  of copper(II)  in drinking water at  20 µM and 31.5 µM determined by the

Environmental Protection Agency and World Health Organization, respectively [3,4]. 

Chen  et  al.  [58] synthesized  sensor  20 through  the  coupling  of  the  aldehyde  of  4-

(bis(pyridin-2-ylmethyl)amino)benzaldehyde  to  an  electron  acceptor,  2-(3-cyano-4,5,5-

trimethylfuran-2(5H)-ylidene)malononitrile,  to develop a colorimetric  and fluorometric  sensor

for copper(II) (Table 8 Sensor #20). They also created test strips for the detection of Cu2+ by

immersing  filter  paper  in  an  acetone  solution  containing  20 (1  mM)  and  air  drying.  After

exposing the test strip separately to varying aqueous concentrations of Cu2+ (10-3 M – 10-6 M), an

obvious color change from purple to yellow was noticed at 10-3 M concentration (Fig. 13B).

63

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743



However the minimal color change from purple to faint purple at concentrations 10 -4 M- 10-5 M

poses a problem in providing definitive detection of copper(II) at this concentration range. 

Fig. 13: Test strips of (A) 56 and (B) 20 prepared by immersing filter paper in 10mM and 1 mM,

respectively and air drying. Naked-eye analysis after exposing strips to varying concentrations

of Cu2+. Modified from Mohammadi et al. [100] and Chen et al. [58].
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.20 µM – 0.49 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

51

Cu2+ & Zn2+

Colorimetric &
Fluorometric

0.20 µM 5.9 x 104 M-1

UV-Vis 1:1

[Sensor]= 30µM
[Cu2+] = 39µM

[Sensor]=30 µM
[Cu2+] =39 µM

[Competing Metal Ions]
=39 µM

DMSO: 10 mM
bis-tris buffer

(3:2, v/v) 
pH= 7.0

[95]

52 Cu2+

Colorimetric 0.20 µM 4.97 x 106 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
50 µM

THF: H2O
(1:4, v/v) [96]

31

Cu2+, Ni2+

Colorimetric &
Fluorometric

0.204 µM 1.13 x 106 M-1

UV-Vis 1:1
 

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Sensor]= 10 µM
[Cu2+] = 30 µM

[Competing Metal Ions] =
30 µM

MeOH: H2O
(1:1, v/v) [68]
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.20 µM – 0.49 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

53

Cu2+

Colorimetric &
Fluorometric 

0.22 µM 3.51 x 104 M-1

Fluorometer 1:2

[Sensor] = 20 µM
[Cu2+] = 100 µM

[Sensor] = 20 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

DMSO [97]

54 Cu2+

Colorimetric 0.23 µM 9.7 x 105 M-1

UV-Vis 1:1

[Sensor] = 100 µM
[Cu2+] = 200 µM

[Sensor] = 30 µM
[Cu2+] = 60 µM

[Competing Metal Ions] =
60 µM

MeCN: H2O
(1:4, v/v) [98]

20
Cu2+

Colorimetric &
Fluorometric

0.24 µM 3.6 x 104 M-1

Fluorometer 1:1

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
50 µM

EtOH: HEPES
(1:4, v/v) 
pH= 7.2

[58]
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Limit of Detection Determined by UV-Vis Spectroscopy 
0.20 µM – 0.49 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

55

Cu2+, Hg2+

Colorimetric
 

Cu2+

 Fluorometric

0.29 µM 3.67 x 104 M-1

UV-Vis 2:1

[Sensor] = 50 µM
[Cu2+] = 100 µM

None MeCN [99]

7
Cu2+ & S2-

Colorimetric &
Fluorometric

0.46 µM

4.3 x 107 M-1

UV-Vis

5.4 x 107 M-1

Fluorimeter 

1:1

[Sensor] = 10 µM
[Cu2+] = 500 µM

[Sensor] = 10 µM
[Cu2+] = 500 µM

[Competing Metal Ions] =
500 µM

MeCN: Tris-
HCl

(3:2, v/v) 
pH= 7.4

[44]

56
Cu2+ 

Colorimetric
0.46 µM 3.27 x 104 M-1

UV-Vis 1:1

[Sensor] = 1 µM
[Cu2+] = 1 µM

[Sensor] = 62.5 µM
[Cu2+] = 625 µM

[Competing Metal Ions] =
625 µM

MeCN: H2O
(9:1, v/v) [100]

Table 8: Copper(II) sensors arranged from lowest to highest limit of detection in the range of 0.20 µM – 0.49 µM determined by UV-Vis 
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded 
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant, 
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binding stoichiometry (sensor: Cu2+), concentration of sensor and Cu2+ for naked eye detection, the Cu2+ selectivity assay conditions including 
concentration of sensor, Cu2+ and competing metal ions tested and solvent. 
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4.4            0.50 µM – 0.99 µM  

Sensors in this category contained the most sensors that were reported to solely detect

copper(II)  colorimetrically  [101–107].  Other  ions  detected  were  I- [108] or  CN- [109]

colorimetrically  and Zn2+ [106] fluorometrically  by the  remaining sensors.  In  addition,  three

groups were able to synthesize and test their sensors in 100% fully aqueous buffer solutions with

pH 4.75 and 7.0 [101,103,109]. 

Patil et al.  [108] assembled sensor  57 composed of a pyrimidine unit and a  p-toluidine

unit that was able to achieve the lowest limit of detection (LOD = 0.54 µM) for Cu2+ in this tier

of sensors (Table 9 Sensor #57). 57 (30 µM) was able to detect Cu2+ (150 µM) colorimetrically

through a color change (colorless to red) in MeCN:H2O (40:60, v/v). Additional detection of I-

was possible  through UV-Vis  with an absorbance peak at  232 nm but  did not  offer a  color

change. Sensor 57 (10 mM) was treated to filter paper to make test strips and silica gel to create a

solid support system for aqueous detection of Cu2+ (10-3 M – 10-6 M). Metal ions Ca2+, Hg2+, Li+,

and Pb2+ had a noticeable interference in the 1:1 Cu2+: Mn+ competition assay in solution,  so

examining  these  metals  using  the  solid  support  system  under  the  same  conditions  would

demonstrate 57 practicality for sensing copper(II). 

Ciarrocchi et al. [101] used phenothiazinium, commonly known as methylene blue (MB)

dye, for its UV-Vis absorption properties, and cyclam, a common macrocyclic metal chelator, as

the receptor for copper(II). Utilizing these two components, two derivatives were synthesized.

Both possessed MB but differed in the number of cyclams affixed; one sensor bearing a single

cyclam and the other bearing two cyclams. Unfortunately, the sensor with two cyclams was not

suitable for accurate detection of Cu2+ due to the interference with other metal ions, such as Cr3+,
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Fe3+, Ru3+
,  and Hg2+. Therefore, sensor  58,  bearing one cyclam, was examined further (Table 9

Sensor #58). The UV-Vis absorption properties were investigated in 0.1 M acetate buffer with

pH = 4.75 and MB exhibited its typical absorption maxima at 665 nm with a shoulder at 615 nm.

Sensor  58  displayed a similar absorbance profile as to MB, with a slight blue-shift having an

absorbance  max  of  653 nm with  a  shoulder  at  610  nm.  Fig. 14 shows the  time-dependent

interaction of sensor 58 (10 µM) with Cu2+ (20 µM). Initially, there is an absorbance decrease ≈

0.4 a.u.  at  λmax= 653 nm at  time point  < 1 min,  where  the  absorbance profile  is  still  fairly

maintained  with  a  peak  and  a  shoulder.  Full  complexation  is  not  achieved  until  roughly  5

minutes with the appearance of a broad peak centered at 573 nm and accompanied by a color

change from blue to purple (Fig. 14 inset). This color and absorbance change was observed in

the metal ion studies when the same concentration of 58 was exposed to excess amounts of metal

ions  (200  µM),  except  for  Hg2+.  When  Hg2+ was  introduced  to  58,  the  absorbance  profile

resembled the absorbance profile of time point < 1 min from Fig. 14, possibly leading to a false

positive. It is interesting to note that sensor 58 was the first encountered sensor that employed a

macrocyclic chelator as the receptor for copper(II). Since cyclam can chelate other metal ions, it

is surprising other metal ions did not cause additional interference. This could be due to the fact

that cyclam contains high stability constant for copper(II),  log K = 27.2, whereas Hg2+  is the

second closest metal with a stability constant of log K = 23.0 [110,111].
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Fig. 14: UV-Vis spectra of monitored time-dependent complexation between  58  (10 µM) and

Cu2+(20 µM) from 0 min (black), <1 min (brown), 5 min (red), 10 min (orange), 15 min (yellow),

and 20 min (green), in 0.1 M acetate buffer, pH = 4.75. Inset: respective color change of 58 (10

µM) from blue to purple after full complexation with Cu2+(20 µM) in 0.1 M acetate buffer, pH =

4.75. Modified from Ciarrocchi et al. [101].        

Arvind and Satish Kumar [104] utilized a spiropyran-based Cu2+ sensor 61, comprising a

thiazole moiety on the indole side and a methoxy group on the  ortho-position to the phenolic

oxygen (Table 9 Sensor #61). It was found that 61 in MeCN:1 mM HEPES (1:1, v/v, pH = 7.6)

did not show any switching response when exposed to UV or visible light. It is only when Cu2+
 is

present in solution causing isomerization of the spiropyran to merocyanine, creating the 61-Cu2+

complex,  that  can  be  reversed  with  532 nm light.  Five  cycles  of  reversibility  consisting  of

irradiation  and  placement  in  the  dark  were  conducted  with  minimal  to  no  degradation.

71

795

796

797

798

799

800

801

802

803

804

805

806

807

808



Combining this reversibility with the selectivity for copper(II) in the 1:1 Cu2+:Mn+ competition

studies makes this an attractive recyclable sensor for Cu2+. 

You et al.  [109] coupled a thiadiazole and julolidine units to produce sensor  63, where

Cu2+ binding occurs in a 2:1 sensor:Cu2+ fashion at the hydroxy position on the julolidine and

Schiff-base C=N that bridges the two moieties together (Table 9 Sensor #63). Analyzing the

absorbance spectrum of 63 (10 µM) with individual metal ions (5 µM) in 10 mM bis-tris buffer

pH =7 revealed that Cd2+ severely interfered with Cu2+ detection at 450 nm and 525 nm. This

interference was not seen in the naked-eye studies suggesting 63 could be potentially applied as a

naked-eye  sensor  for  qualitative  purposes.  Since  most  sensors  lack  solubility  in  completely

aqueous conditions,  it  is commendable that Ciarrocchi and You were able to achieve this  in

100% buffer solution.  

Kim  (2019)  et  al.  [106] developed  probe  64  to  act  as  a  dual  sensor  for  Zn2+
 via

fluorescence spectroscopy and Cu2+ via UV-Vis spectroscopy (Table 9 Sensor #64). 64 offers a

“turn-on” response as 64 (10 µM) is colorless in MeCN:10 mM bis-tris buffer (95:5, v/v, pH =

7.0) with an absorbance max at 290 nm. When 16 µM of Cu2+ is added to the solution, the color

changes from colorless to pink with a new peak at 503 nm. After examining the absorbance

spectrum from the competition studies of 64 (10 µM) with Mn+ (16 µM) and Cu2+, it was found

that Hg2+, Ag+, and Fe2+, obstructed Cu2+ absorbance by 30%, 50%, and 90% respectively. After

examining the naked-eye analysis, under the same conditions, a colorless solution was observed

when 64 was incubated with Fe2+ and Cu2+, resulting in a false negative, as the expected color of

copper(II) incubation was anticipated to be pink. Therefore,  64 would be best suited for Zn2+
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detection as the sensor was ultimately applied to fluorescence imaging of Zn2+ in HeLa, cervical

cancer cells. 
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Limit of Detection Determined by UV-Vis Spectroscopy
0.50 µM – 0.99 µM 

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

57
Cu2+, I-

Colorimetric
0.54 µM 5.17 x 103 M-1

UV-Vis 1:1

[Sensor] = 30 µM
[Cu2+] = 150 µM

[Sensor] = 30 µM
[Cu2+] = 150 µM

[Competing Metal Ions] =
150 µM

MeCN: H2O
(40:60, v/v) [108]

58
Cu2+

Colorimetric
0.6 µM - 1:1

 [Sensor] = 10 µM
[Cu2+] = 8 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
200 µM

0.1 M acetate
buffer, 

pH = 4.75
[101]

59
Cu2+

Colorimetric
0.63 µM 1.9 x 105 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Sensor] = 20 µM
[Cu2+] = 200 µM

[Competing Metal Ions] =
200 µM

MeOH: H2O
(9:1, v/v) [102]

74



Limit of Detection Determined by UV-Vis Spectroscopy
0.50 µM – 0.99 µM 

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

60
Cu2+

Colorimetric
0.69 µM 5.56 x 104 M-1

UV-Vis 1:1

Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

HEPES buffer
pH = 7.0 [103]

61
Cu2+

Colorimetric
0.75 µM - 1:1

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Sensor] = 20 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

MeCN: 1 mM
HEPES 

(1:1, v/v) 
pH= 7.6

[104]

62
Cu2+

Colorimetric
0.80 µM 4.3 x 105 M-1

UV-Vis 1:1

[Sensor] = 40 µM
[Cu2+] = 40 µM

[Sensor] = 40 µM
[Cu2+] = 40 µM

[Competing Metal Ions] =
40 µM

DMSO: H2O
(9:1, v/v) [105]
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Limit of Detection Determined by UV-Vis Spectroscopy
0.50 µM – 0.99 µM 

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

63
Cu2+ & CN-

Colorimetric
0.9 µM 1.0 x 1010 M-2

UV-Vis 2:1

[Sensor] = 30 µM
[Cu2+] = 15 µM

[Sensor] = 10 µM
[Cu2+] = 5 µM

[Competing Metal Ions] =
5 µM

10 mM bis-tris
buffer

pH = 7.0
[109]

64

Cu2+

Colorimetric 

Zn2+

Fluorometric

0.91 µM 3.3 x 102 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 16 µM

[Sensor] = 10 µM
[Cu2+] = 16 µM

[Competing Metal Ions] =
16 µM

MeCN: 10 mM
bis-tris

(95:5, v/v) 
pH= 7.0 

[106]

65
Cu2+

Colorimetric
0.98 µM 4.16 x 106 M-1

UV-Vis 1:1

[Sensor] = 5 µM
[Cu2+] = 30 µM

[Sensor] = 5 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
50 µM

MeCN [107]

Table 9: Copper(II) sensors arranged from lowest to highest limit of detection in the range of 0.50 µM – 0.99 µM determined by UV-Vis 
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded 
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant, 
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binding stoichiometry (sensor: Cu2+), concentration of sensor and Cu2+ for naked eye detection, the Cu2+ selectivity assay conditions including 
concentration of sensor, Cu2+ and competing metal ions tested and solvent.
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4.5            1.0 µM – 4.90 µM  

While  most  of  the  sensors  in  this  category  detected  copper(II)  in  their  respective

solutions, others in this group were able to employ their sensors as test strips [112,113], as a pH

probe when bound to Cu2+  [114], in tap water spiked with Cu2+  [115–117], in simulated wastewater

using a smartphone application [118], and for fluorescence bioimaging [119,120]. 

Rezaeian, Khanmohammadi, and Arab [112] synthesized an azo-azomethine derivative to

perform as a Cu2+ sensor  66 in THF:Tris-HCl buffer (9:1, v/v, pH = 7.0) that offered a color

change from yellow to brown (Table 10 Sensor #66). Upon addition of 60 µM of Cu2+
 to 20 µM

of  66,  the  UV-Vis  absorbance  spectrum demonstrated  a  decrease  in  absorbance  at  355 nm,

associated with free sensor  66,  and an increase in absorbance at 482 nm, related to  66-Cu2+

complex. A clear isosbestic point at 430 nm is also present, representing the free sensor 66 to 66-

Cu2+ formation. Test strips were designed for Cu2+ detection in water, but the only concentration

of copper(II) tested was 1 mM. 66 performed well in the pH 6-12, so physiological and in-field

testing may be possible in this range if lower concentrations of Cu2+
 were tested in the presence

of competing metal ions. 

In 2017 Chang et al.  [118] selected 3-hydroxynaphthalimide to act at the signaling unit,

and coupled it to diaminomaleonitrile to create sensor 69 (Table 10 Sensor #69). Copper(II) was

able  to  coordinate  to  69 through  the  hydroxyl  on  the  naphthalimide,  an  amine  on  the

diaminomaleonitrile, and the Schiff-base imine in a 1:1 binding stoichiometry (Fig. 15A). Sensor

69 was able to detect Cu2+ in various organic solvents such as DMSO, THF, and EtOH, offering a

color change from yellow to pink. Since practical applications for Cu2+ sensors require detection

in aqueous conditions, a 1:1 liquid-liquid extraction was performed, with  69 (10 µM) in ethyl
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acetate and Cu2+ (1 mM) with competing metal ions (1 mM) in 10 mM acetate buffer (pH = 4.8).

After vigorously shaking, followed by phase separation, the ethyl acetate organic extractant was

collected, and a pink color was observed. The UV-Vis absorption spectrum was analyzed and

exhibited  Cu2+ detection  over  the  various  metal  ions  tested.  This  method  was applied  using

simulated  wastewater  [121,122] and  varying  the  Cu2+ concentration.  After  extraction  and

collection,  the  ethyl  acetate  layer  was  analyzed  via  a  smartphone  app,  RBG  Grabber,

Shumamicode (Fig. 15B). The ratio of the two channels, Green/Red and Blue/Red, were plotted

against the varying copper(II) concentration to generate a calibration curve for Cu2+ (Fig. 15C),

and the limit of detection for the smartphone-based app was found to be 48 µM. This liquid-

liquid extraction method for Cu2+ detection in aqueous samples combined with the smartphone

application was the only technique encountered in this review that could offer a workaround for

sensors that lack solubility in water.  
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Fig. 15: (A) Proposed binding and naked eye color change of sensor 69, in the presence of Cu2+.

(B) RBG Grabber  Shumamicode  images  of 69  (50  µM) extractant  of  ethyl  acetate and  the

resulting (C) ratio of color channel level after exposure to varying concentrations of Cu2+  (0-1

mM). Modified from Chang(2017) et al. [118].          

Noh et al. [114] employed triaminoguanidinium as the backbone for sensor 74 and is one

of nine sensors that are in a completely aqueous solvent, 10 mM bis-tris buffer: DI H2O (999:1,
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v/v, pH = 7.0) (Table 10 Sensor #74). When 74 (30 µM) was in the presence of Cu2+ (180 µM),

an emergence of two absorbance peaks at 275 nm and 425 nm was noticed. However, Fe2+ and

Fe3+ confounded copper(II) detection at 275 nm, so analyzing at 425 nm wavelength is necessary

for quantitative purposes. Additionally, sensor 74-Cu2+ was used as a pH indicator to discern the

pH at 5.4. When the pH was less than 5.4, the solution was colorless and as the pH was gradually

increased to a pH of 5.4, the observed color change was pale yellow. Reversibility of the color

was seen through the addition of HCl or NaOH. Three samples, DI water, tap water, and soda,

were assessed with the sensor 74-Cu2+ complex and a pH meter for measurement. For DI water,

tap  water,  and  soda,  the  pH  was  found  to  be  6.18,  7.09,  and  3.15  via  pH  meter  and  the

corresponding  color  was  yellow,  yellow,  and  colorless  by  means  of  74-Cu2+ sensor,

correspondingly. Although this is an interesting discovery,  74  will be more applicable for the

recognition of Cu2+ in aqueous media through analysis at 425 nm than as a pH ± 5.4 indicator.  
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Limit of Detection Determined by UV-Vis Spectroscopy 
1.0 µM – 4.9 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

66
Cu2+

Colorimetric
1.07 µM 5.46 x 104 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 60 µM

[Sensor] = 20 µM
[Cu2+] = 60 µM

[Competing Metal Ions] =
60 µM

THF: Tris-HCl
(9:1, v/v) 
pH= 7.0 

[112]

67
Cu2+

Colorimetric
1.2 µM - 2:1

[Sensor] = 20 µM
[Cu2+] = 40 µM

[Sensor] = 20 µM
[Cu2+] = 40 µM

[Competing Metal Ions] =
20 µM

100 mM
HEPES: MeCN

(1:1, v/v) 
pH= 7.0

[123]

68

Cu2+, Fe2+ &
Zn2+

Colorimetric 

Zn2+

Fluorometric

1.5 µM 5.01 x 104 M-1

UV-Vis 1:1

[Sensor] = 50 µM
[Cu2+] = 100 µM

[Sensor] = 20 µM
[Cu2+] = 40 µM

[Competing Metal Ions] =
40 µM

10 mM HEPES:
MeOH

(99:1, v/v) [119]
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Limit of Detection Determined by UV-Vis Spectroscopy 
1.0 µM – 4.9 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

69
Cu2+

Colorimetric
1.6 µM 5.9 x 104 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 500 µM

[Sensor] = 10 µM
[Cu2+] = 500 µM

[Competing Metal Ions] =
500 µM

DMSO [118]

70
Cu2+ & F-

Colorimetric
2.1 µM 2.3 x 104 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 30 µM

[Sensor] = 10 µM
[Cu2+] = 30 µM

[Competing Metal Ions] =
30 µM

MeCN: bis-tris
buffer

(6:4, v/v) [115]

71

Cu2+ 
Colorimetric 

Fe3+

Fluorometric

2.17 µM - 1:1

[Sensor] = 50 µM
[Cu2+] = 200 µM

[Sensor] = 50 µM
[Cu2+] = 200 µM

[Competing Metal Ions] =
200 µM

DMSO: HEPES 
(8:2, v/v) 
pH= 7.4

[120]
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Limit of Detection Determined by UV-Vis Spectroscopy 
1.0 µM – 4.9 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

72
Cu2+ & Fe2+

Colorimetric
2.29 µM 1.66 x 109 M-1

UV-Vis 1:2

[Sensor] = 20 µM
[Cu2+] = 60 µM

[Sensor] = 20 µM
[Cu2+] = 60 µM

[Competing Metal Ions] =
60 µM

Bis-tris: DMF
(8:2, v/v)
pH=7.0

[113]

73
Cu2+

Colorimetric
2.51 µM - 2:1

[Sensor] = 200 µM
[Cu2+] = 1 mM

[Sensor] = 200 µM
[Cu2+] = 1 mM

[Competing Metal Ions] =
1 mM

MeCN [116]

74
Cu2+

Colorimetric
2.7 µM 1.1 x 105 M-1

UV-Vis 1:1

[Sensor] = 30 µM
[Cu2+] = 180 µM

[Sensor] = 30 µM
[Cu2+] = 180 µM

[Competing Metal Ions] =
180 µM

10 mM bis-tris:
distilled H2O
(999:1, v/v)

pH=7.0

[114]
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Limit of Detection Determined by UV-Vis Spectroscopy 
1.0 µM – 4.9 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

75
Cu2+

Colorimetric
2.85 µM 2.4 x 1010 M-2

UV-Vis 2:1

[Sensor] = 40 µM
[Cu2+] = 9.5 µM

[Sensor] = 40 µM
[Cu2+] = 40 µM

[Competing Metal Ions] =
40 µM

MeCN: H2O
(2:1, v/v) [117]

76

Cu2+, Fe2+, Fe3+

& CN-

Colorimetric 

CN-

Fluorometric

2.9 µM 4.2 x 103 M-1

UV-Vis 1:1

[Sensor] = 45 µM
[Cu2+] = 45 µM

[Sensor] = 45 µM
[Cu2+] = 45 µM

[Competing Metal Ions] =
45 µM

DMF: 10 mM
bis-tris

(1:1, v/v)
 pH= 7 

[124]

77

Cu2+ & F-

Colorimetric 

Zn2+ & Al3+

Fluorometric

4.64 µM 3.33 x 104 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 200 µM

None

MeOH: 5 mM
HEPES

(9:1, v/v)
pH= 7.3

[125]

Table  10:  Copper(II)  sensors  arranged  from lowest  to  highest  limit  of  detection  in  the  range  of  1.0  µM –  4.9  µM  determined  by  UV-Vis
spectroscopy. Information provided: Sensor number, chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded
green indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant,
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binding stoichiometry (sensor:  Cu2+),  concentration  of sensor and Cu2+ for naked eye detection,  the Cu2+  selectivity  assay conditions  including
concentration of sensor, Cu2+ and competing metal ions tested and solvent
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4.6            5.0 µM – 15 µM  

Sharma and  Singh  [126] created  78,  containing  perylene-diimide,  for  its  optical  and

fluorescent  properties,  and  tert-butyl  acetate  linked  by  1,4-diaminobutane,  for  chelating

copper(II) (Table 11 Sensor #78). 78 was able to detect Cu2+ colorimetrically (LOD = 5.22 µM)

and fluorometrically (LOD = 4.8 µM) in HEPES:MeCN (4:6, v/v, pH = 7.2). It is only when

copper(II) was bound to the sensor, forming the 78-Cu2+ complex, that detection of anions such

as CN-, through replacement of a solvent molecule coordinated to 78-Cu2+, and S2-, through the

displacement of copper from 78-Cu2+, was possible by means of colorimetric and fluorometric

detection. Naked-eye detection of sensor 78 (50 µM) offered a “turn-off” response changing from

blue to colorless in the presence of Cu2+ (750 µM) only. When competing metal ions (1mM) were

tested against copper(II), a decolorization of the solution was observed for all metal ions except

Pd2+, Fe2+, and Cd2+, which appeared as faint blue and may hinder analysis. 

  Huo et al. [127] synthesized sensor 80 through nucleophilic addition of salicylaldehyde,

converting hydrazine to hydrazone in an 89% yield (Table 11 Sensor #80). Ratiometric detection

of 80 (10 µM) at wavelengths A442/A360 was used to detect Cu2+ (20 µM) over competing metal

ions (20 µM) in DMSO:HEPES (4:1, v/v, pH = 7.0), changing from colorless to yellow. A “real-

life” multi-component system that contained several metals and anions was reproduced [128] and

spiked with 40 µM Cu2+. When 25 µM of sensor 80 was added to the solution, the concentration

of  copper(II)  was  measured  from  an  A442/A360 vs.  [Cu2+]  absorption  calibration  curve  to

quantitatively calculate the amount of Cu2+ in the system. This demonstrates the ability of 80 to

quantitatively and qualitatively detect Cu2+. Since the chosen media was in DMSO:HEPES (4:1,
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v/v, pH = 7.0), it would be beneficial and interesting if this could be adapted to a 100% aqueous

solvent system.  

Tang  et  al.  [129] employed  a  rhodamine-based  Cu2+ sensor,  81,  that  can  detect  S2-

through  the  displacement  of  copper(II)  from  81-Cu2+ complex  (Table  11  Sensor  #81).  This

displacement  and  recovery  of 81 was  tested  through  five  cycles  and  showed  little  to  no

degradation, confirming 81’s reversibility. Due to this reversibility, an “INHIBIT” logic gate was

developed, analyzing at wavelength 556 nm. When 81 is alone in solution, the output will read 0

owing to the low absorbance at 556 nm. When there is a high absorbance at 556 nm (81-Cu2+, no

S2-), the output will read 1. When S2- is added to 81 or 81-Cu2+, the output will read 0 due to the

low absorbance at 556 nm (81).

Kuar,  Sareen,  and Singh  [130]  created  sensor 85  (10 µM) with an observable  color

change from yellow to purple upon the addition of 30 µM of Cu2+ in MeCN (Table 11 Sensor

#85). Furthermore, 85 showed selectivity for copper(II) in the ratio of 1:10 Cu2+:Mn+ competition

studies,  an  achievement  that  only  7  sensors  in  this  review  were  able  to  attain

[52,55,73,78,101,130,131]. A solid support system was created by fixing sensor 85 (30 µM) to

silica, 60-120 and 100-200 mesh. When 300 µM Cu2+ in water was added to the silica, a color

change from yellow to purple was observed (Fig. 16A & B). Naked-eye detection of Cu2+ was

recognized at 10 µM in solution (Fig. 16C).
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Fig. 16: Solid silica support of sensor 85 (30 µM) fixed to (A) 60-120 mesh (B) 100-200 mesh

before and after exposure to Cu2+  (300 µM).  (C)  Naked-eye detection of 85  (30 µM) in MeCN

after addition of aqueous amounts of Cu2+ (i) 1x10-5 M, (ii) )2x10-5 M, and (iii) 3x10-5M. Modified

from Kaur et al. [130].              
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Limit of Detection Determined by UV-Vis Spectroscopy 
5.0 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

78

Cu2+ & CN-

Colorimetric 

Cu2+, CN- & S2-

Fluorometric

5.22 µM - 1:1

[Sensor] = 10 µM
[Cu2+] = 150 µM

[Sensor] = 10 µM
[Cu2+] = 200 µM

[Competing Metal Ions] =
200 µM

HEPES: MeCN
(4:6, v/v)
 pH= 7.2

[126]

79
Cu2+ & F-

Colorimetric 
5.8 µM 1.2 x 104 M-1

UV-Vis 2:1

 [Sensor] = 15 µM
[Cu2+] = 15 µM

[Sensor] = 15 µM
[Cu2+] = 15 µM

[Competing Metal Ions] =
15 µM

DMSO [132]

80
Cu2+

Colorimetric

6.5 µM 1.3 x 106 M-1

UV-Vis 1:1

 [Sensor] = 10 µM
[Cu2+] = 20 µM

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

DMSO: 10 mM
HEPES

(4:1, v/v)
pH=7.0

[127]
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Limit of Detection Determined by UV-Vis Spectroscopy 
5.0 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

81
Cu2+ & S2-

Colorimetric

6.89 µM 1.01 x 106 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 70 µM

[Sensor] = 10 µM
[Cu2+] = 70 µM

[Competing Metal Ions] =
70 µM

MeCN: 10 mM
HEPES

(1:1, v/v)
pH=7.0

[129]

3
Cu2+

Colorimetric &
Fluorometric

8.147 µM 4.65 x 107 M-1

Fluorometer 2:1

 [Sensor] = 50 µM
[Cu2+] = 100 µM

[Sensor] = 50 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
200 µM

MeCN: HEPES
(1:1, v/v)
pH=7.1

[43]

82
Cu2+

Colorimetric

10 µM 2.8 x 104 M-1

UV-Vis 1:1
[Sensor] = 100 µM

[Cu2+] = 10 µM

[Sensor] = 50 µM
[Cu2+] = 250 µM

[Competing Metal Ions] =
250 µM

MeOH: H2O
(10:90, v/v) [133]
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Limit of Detection Determined by UV-Vis Spectroscopy 
5.0 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

83

Cu2+

Colorimetric 

Zn2+ 
Fluorometric

10 µM 2.57 x 105 M-1

UV-Vis 1:1

[Sensor] = 1 mM
[Cu2+] = 1 mM

[Sensor] = 1 µM
[Cu2+] = 1 µM

[Competing Metal Ions] =
1 mM

MeCN [131]

84

Cu2+ & F-

Colorimetric 

F-

Fluorometric

12 µM 5.3 x 103 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 170 µM

[Sensor] = 10 µM
[Cu2+] = 170 µM

[Competing Metal Ions] =
170 µM

DMSO: bis-tris 
(1:1, v/v) [134]

85
Cu2+

Colorimetric
13.6 µM 1.8 x 106 M-1

UV-Vis 1:1

[Sensor] = 30 µM
[Cu2+] = 10 µM

[Sensor] = 30 µM
[Cu2+] = 30 µM

[Competing Metal Ions] =
300 µM

MeCN [130]
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Limit of Detection Determined by UV-Vis Spectroscopy 
5.0 µM – 15 µM

Sensor
# Cu2+ Sensor Ion Sensing Cu2+ LOD Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

86

Cu2+

Colorimetric 

CN-

Fluorometric

14 µM 3.3 x 103 M-1

UV-Vis 1:1

 [Sensor] = 30 µM
[Cu2+] = 300 µM

[Sensor] = 30 µM
[Cu2+] = 300 µM

[Competing Metal Ions] =
300 µM

MeOH [135]

Table 11: Copper(II) sensors arranged from lowest to highest limit of detection in the range of 5.0 µM – 15 µM determined by UV-Vis spectroscopy.
Information  provided:  Sensor  number,  chemical  structure  (green  atoms  indicate  the  proposed mechanism of  Cu2+ coordination.  Shaded  green
indicates the proposed sensing unit/s in Cu2+

 coordination), additional cations and anions detected by the sensor, Ka = association constant, binding
stoichiometry (sensor: Cu2+), concentration of sensor and Cu2+ for naked eye detection, the Cu2+ selectivity assay conditions including concentration
of sensor, Cu2+ and competing metal ions tested and solvent.

93

940
941
942
943
944

945



5. Limit of detection not reported

The sensors in this section did not report a respective LOD for Cu2+ detection (Table 12)

and  were  mostly  employed  as  purely  solvent-based  sensors  [136–145].  Nonetheless,  some

sensors were fixed to a test strip for Cu2+ detection [146,147], used for fluorescence bioimaging

of Cu2+ in cells  [148,149],  demonstrated reversibility  when exposed to EDTA  [150,151] and

achieved solubility in a fully aqueous solution [145,148].

Maity et al. [149] synthesized several novel Schiff-base ligands for the detection of Cu2+.

Julolidine–thiocarbonohydrazone  sensor  96  (10  µM)  obtained  the  best  optical  response  by

providing a stepwise color change upon addition of 1, 2, 5, and 10 equivalents of Cu2+ in 50 mM

HEPES:MeCN (6:4, v/v, pH= 7.2) (Table 12 Sensor #96). Sensor 96 (10 µM) displayed a strong

absorbance peak at 400 nm with an optical color of greenish-yellow. With the addition of 10 µM

Cu2+,  the  appearance  of  two  absorbance  bands  at  570  nm and  980  nm  and  changed  from

greenish-yellow to light purple was observed. The addition of 20  µM Cu2+ caused the color to

change to violet, 50 µM Cu2+ to light blue, and the final color was greenish aqua at 100 µM Cu2+.

At 100 µM Cu2+ to  96, a blue shift of the 980 nm peak to 820 nm was seen. No further color

change  was  observed  for  concentrations  greater  than  100  µM.  Competition  studies  were

completed to observe the selectivity of sensor  96  (10  µM) using 5 equivalents of Cu2+ and 10

equivalents of other competing metals. A greenish-blue color persisted once Cu2+ was added and

therefore confirmed no interference from these competing metals, even in excess.  96 was also

utilized as a “turn-off” fluorescent sensor that was able to track Cu2+ in HEK293T human kidney

cells  using  fluorescence  microscopy.  Cells  incubated  with  10  µM  of  96  displayed  green

fluorescence and showed cell permeability. The fluorescence was quenched once 10 µM of Cu2+
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was added, and the fluorescence intensity was regained when 10 µM of EDTA was introduced

thereafter. The experiments conducted demonstrate that sensor 96 is a selective colorimetric and

fluorometric reversible sensor for Cu2+ that could be applied for in-field and/or living cells.

Milindanuth and Pisitsak [147] applied a rhodamine-based sensor 98 that offered naked

eye detection at 4 µM in EtOH:H2O (1:1, v/v) (Table 12 Sensor #98). Instead of fixing the sensor

to filter paper, i.e., traditional cellulosic paper, which was commonly found in this review,  98

was fixed to bacterial cellulose due to its smaller nanofibrils and high surface area of 27.2 m2/g

[152], compared to 1.09 m2/g  [153] found in the traditional cellulosic paper. Indeed,  Fig. 17

shows the 98 treated bacterial cellulose had a higher color strength, determined by CIELab color

space, over increasing copper(II) concentration than the  98 treated traditional cellulosic paper.

This finding might encourage experimentation with immobilizing sensors to bacterial cellulose

paper instead of the commonly used cellulosic paper.

Fig. 17: Color strength (K/S) values, determined by CIELab color space, of bacterial cellulose

paper (BC) and traditional cellulosic paper plotted against varying Cu2+ concentrations. Inset:
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Observed color of BC and traditional cellulosic paper treated with 98 and subjected to 100 µM

Cu2+. Reproduced from Milindanuth et al. [147].   

Inwon Kim (2015) et al. [143] utilized a spiropyran-based sensor, 100, with a 1-benzyl-

1,2,3-triazole linker stemming from the amine on the indoline (Table 12 Sensor #100). Since

some spiropyrans inherently isomerize under UV light, 100 was irradiated with 365 nm light for

0-90 seconds, which isomerized spiropyran  100, colorless, to merocyanine  100, violet, and the

accompanied UV-Vis absorbance max was found to be 571 nm (Fig. 18 route 1). Visible light

was shown to reverse merocyanine 100 back to spiropyran 100. When spiropyran 100 is in the

presence of Cu2+, a visible color change from colorless to pink was observed (Fig. 18 route 2).

Interestingly, the binding stoichiometry of sensor 100: Cu2+ was found to be 2:3 and was verified

through Job’s plot analysis, MALDI-TOF mass spectrometry, and 1H NMR. This unique binding

stoichiometry was the only one of its kind found in this review. Moreover, Cu2+ binding induces

a λmax
 at 520 nm, which is blue-shifted 51 nm from the merocyanine 100 produced through UV

light. 
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Fig.  18:  Route  1:  Irradiation  of  365 nm light  for  0-90 seconds  isomerizes  spiropyran  100,

colorless, to merocyanine  100, violet. This is accompanied by a UV-Vis absorbance spectrum

with λmax = 571 nm and can be reversed with visible light. Route 2: Spiropyran 100  is in the

presence of Cu2+ consists of a 2:3 binding stoichiometry sensor:Cu2+ and a visible color change

from colorless to pink. This is accompanied by a UV-Vis absorbance spectrum with λmax = 520

nm. Modified from Kim(2015) et al. [143].
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Limit of Detection Not Reported
Sensor

# Cu2+ Sensor Ion Sensing Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

87

Cu2+

Colorimetric &
Fluorometric

3.35 x 104 M-1

UV-Vis

3.59 x 105 M-1

Fluorometer

1:2

[Sensor] = 10 µM
[Cu2+] = 10 µM

None MeCN: H2O
(70:30, v/v) [136]

88

Cu2+

Colorimetric &
Fluorometric

3.3 x 104 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

DMSO: H2O 
(4:6, v/v) [137]

89

Cu2+

Colorimetric &
Fluorometric

1.5 x 104 M-1

UV-Vis 1:1

[Sensor] = 12.5 µM
[Cu2+] = 12.5 µM

[Sensor] = 12.5 µM
[Cu2+] = 12.5 µM

[Competing Metal Ions] =
12.5 µM

25 mM HEPES,
0.1 M NaClO4

pH = 7.4 
[148]
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Limit of Detection Not Reported
Sensor

# Cu2+ Sensor Ion Sensing Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

90
Cu2+

Colorimetric

1.98 x 108 M-1

UV-Vis 1:1

[Sensor] = 45 µM
[Cu2+] = 45 µM

None DMSO: H2O 
(1:9, v/v) [150]

91
Cu2+

Colorimetric

0.7 x 104 M-1

UV-Vis 1:1

[Sensor] = 20 µM
[Cu2+] = 60 µM

None MeCN: H2O
(80:20, v/v) [138]

92

Cu2+

Colorimetric &
Fluorometric

3.7 x 104 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

2% DMSO in
10 mM Tris-

HCl 
pH = 7.0 

[151]
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Limit of Detection Not Reported
Sensor

# Cu2+ Sensor Ion Sensing Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

93

Cu2+

Colorimetric &
Fluorometric

1.6 x 104 M-1

UV-Vis

1.4 x 104 M-1

Fluorometer 

1:1

[Sensor] = 100 µM
[Cu2+] = 200 µM

[Sensor] = 100 µM
[Cu2+] = 100 µM

[Competing Metal Ions] =
100 µM

H2O: EtOH 
(90:10, v/v) [139]

94

Cu2+

Colorimetric &
Fluorometric

2.58 x 104 M-1

UV-Vis

3.25 x 104 M-1

Fluorometer

1:1

[Sensor] = 10 µM
[Cu2+] = 0-15 µM

None 

MeCN: H2O
(8:2, v/v)

buffered with 50
mM HEPES

pH = 7.2

[140]

95

Cu2+

Colorimetric 

V2+

Fluorometric

- 1:1

[Sensor] = 20 µM
[Cu2+] = 20 µM

None

MeOH: 10 mM
HEPES 

(1:1, v/v) 
pH = 7.0

[141]

96 Cu2+

Colorimetric &
Fluorometric

2.3 x 1014 M-1

UV-Vis
1:2

[Sensor] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
100 µM

50 mM HEPES:
MeCN

(6:4, v/v)
pH = 7.2

[149]
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Limit of Detection Not Reported
Sensor

# Cu2+ Sensor Ion Sensing Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref
[Cu2+] = 0-100 µM

97
Cu2+

Colorimetric

1.0 x 106 M-1

UV-Vis 1:1
[Sensor] = 50 µM
[Cu2+] = 0-20 µM

[Sensor] = 50 µM
[Cu2+] = 50 µM

[Competing Metal Ions] =
50 µM

MeOH [146]

98
Cu2+

Colorimetric
- 1:1

[Sensor] = 100 µM
[Cu2+] = 4-16 µM

None EtOH: H2O
(1:1, v/v) [147]

99

Cu2+

Colorimetric 

Hg2+

Fluorometric

2.44 x 105 M-1

UV-Vis 1:1

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Sensor] = 10 µM
[Cu2+] = 20 µM

[Competing Metal Ions] =
20 µM

MeOH: 10 mM
HEPES 

(3:1, v/v)
pH = 7.4

[142]
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Limit of Detection Not Reported
Sensor

# Cu2+ Sensor Ion Sensing Ka

Binding
Stoichiometry
Sensor: Cu2+

Naked-Eye
Detection

[Sensor]: [Cu2+]
Cu2+ Selectivity Assay

Conditions Solvent Ref

100
Cu2+

Colorimetric

6.8 x 105 M-1

UV-Vis 2:3

[Sensor] = 50 µM
[Cu2+] = 0-50 µM

None MeCN [143]

101
Cu2+

Colorimetric
- 1:1

[Sensor] = 100 µM
[Cu2+] = 1 mM

[Sensor] = 100 µM
[Cu2+] = 1 mM

[Competing Metal Ions] =
1 mM

DMF: H2O 
(9:1, v/v) [144]

102
Cu2+

Colorimetric

1.0 x 1010 M-2

UV-Vis 2:1

[Sensor] = 10 µM
[Cu2+] = 1 µM

[Sensor] = 10 µM
[Cu2+] = 10 µM

[Competing Metal Ions] =
50 µM

PBS buffer 
pH = 9.18 [145]

Table 12:  Copper(II)  sensors that did not report a limit  of detection but provided naked eye detection.  Information provided:  Sensor number,
chemical structure (green atoms indicate the proposed mechanism of Cu2+ coordination. Shaded green indicates the proposed sensing unit/s in Cu2+

coordination), additional cations and anions detected by the sensor, Ka = association constant, binding stoichiometry (sensor: Cu2+), concentration of
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sensor and Cu2+ for naked eye detection, the Cu2+ selectivity assay conditions including concentration of sensor, Cu2+ and competing metal ions tested
and solvent.
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6. Conclusions and Outlook 

Upon evaluation of the copper(II) sensors in Table 1-12, metals such as Fe3+, Fe2+, Pb2+,

Hg2+, and Co2+ were commonly found to offer dual detection. According to the hard-soft acid-

base (HSAB) theory, metals  are classified as either hard acids (small  ionic radii  with a high

positive charge) or soft acids (large ionic radii with a low positive charge). Utilizing Pearson’s

absolute hardness values ranging from 3.4-45.8, where the lower the value reflects the softer

metal, hardness values for these metal ions were 7.3 (Fe2+), 7.7 (Hg2+), 8.3 (Cu2+), 8.5 (Pb2+), and

13.1  (Fe3+)  [154].  Co2+ was  not  listed  but  is  considered  borderline,  displaying  intermediate

characteristics [155]. Since Cu2+ is considered a borderline soft acid, it is reasonable to suggest

interference from Fe2+, Pb2+, Hg2+, and Co2+ are due to HSAB theory. Although Fe3+ is regarded

as a hard acid, it is plausible that HSAB does not apply in this case. Recognition of Fe3+ was

primarily  in the form of fluorescence “turn-on” detection.  Interestingly,  all  sensors utilized a

Schiff-base unit in the sensing mechanism. It is well known that various metal ions preferentially

bind a Schiff-base imine due to the non-bonded electrons on nitrogen in the C=N unit [156–158].

Depending on several factors such as pH, coordinating ability of the counter anions, the amine or

aldehyde  fragment  regenerated,  etc.  [159–162],  two possible  mechanisms  could  explain  this

phenomenon. (1) Coordination of Fe3+ in the binding pocket containing a Schiff-base unit induces

hydrolytic cleavage of the C=N and formation of an amine and carbonyl. This results in partial

decomposition of the sensor and generation of a fluorophore enabling fluorescent enhancement.

(2) The second possible sensing mechanism involves the coordination of Fe3+  in the binding

pocket  containing  a  Schiff-base  unit  but  instead  of  undergoing  hydrolysis,  the  Fe3+-sensor

complex  is  stabilized  by  the  donation  of  the  electrons  from nitrogen  on C=N imine.  Upon
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emission of this complex, PET is inhibited due to the Fe3+-sensor stabilization, allowing for full

relaxation of the electrons back to the ground state, resulting in fluorescence. As for Cu2+, it has

been  often  used  as  a  fluorescent  “turn-off”  sensor  due  to  its  paramagnetism  [60,62,64–

66,148,149,163–165]. Upon emission of a Cu2+-fluorophore complex, PET is possible when an

excited electron relaxes to the dx2-y2 orbital, resulting in fluorescence quenching [19,20,25].   

Common anions that interfered with copper sensing, and offered dual detection, were S2-,

CN-
,
 and F-. Further expanding on HSAB theory, hard acids preferentially react with hard bases

and analogously,  soft  acids preferentially  react  with soft  bases.  Therefore,  the HSAB theory

could account for interference by sulfur and cyanide acting as soft bases. The high affinity of

copper(II) for these ligands can displace the metal from the sensor to form CuS or Cu(CN)2.

Since fluoride is considered a hard base, the possible mechanism for detection of F- could be due

to its electronegativity and high propensity to intermolecular hydrogen bond. Of the sensors that

detected  F-,  this  is  particularly  seen with hydrogens covalently  bound to either  an amine or

phenol. The lone pair electrons on nitrogen and oxygen induce a dipole creating a partial positive

charge on hydrogen, making it susceptible to intermolecular hydrogen bonding with fluoride.

Overall,  the ideal copper(II)  sensor used for in-field analysis  would be able to detect

copper only, even in the presence of competing metal ions, and be able to do so in a 100%

aqueous medium, whether it be free in solution or fixed to a test strip. Even though there are 102

sensors reported in this review paper, only 60 sensors detect solely copper(II). From these 60

sensors, 51 of the reports performed competition studies to rule out interference from other metal

ions.  39 sensors were able to selectively detect  copper(II)  exclusively,  over other competing

metal ions. After inspecting the number of sensors that were selective for copper(II) detection
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with no interference,  it is clear that there is a necessity to analyze beyond 1:1 Cu2+: Mn+ for

competition studies. Only 11 sensors analyzed selectivity at higher ratios of competing metals;

yet this is a very important aspect of developing an in-field sensor. Assessing the selectivity of

Cu2+ with excess metal ions can reveal if the sensor renders a false positive or false negative. If

so, pretreatment methods will need to be administered. 

Another  important  feature  in  developing  an  in-field  sensor  for  detecting  Cu2+

contamination in soil and water is the ability of the sensor to be applied to aqueous solutions. In

this  review,  9  sensors  achieved  solubility  in  100%  aqueous  medium

[78,81,83,101,103,109,114,145,148]. A common workaround to adapt a sensor that was soluble

in an organic or mixed-organic solvent, was to fix them to paper and make test strips. This is a

practical option as long as competition studies are performed to confirm that Cu2+  selectivity

remains. However, this was not fulfilled in the papers discussing paper-based copper sensors that

are  reviewed  here.  Interference  studies,  especially  with  excess  competing  metal  ions  and

solubility in water, should be a priority that is addressed for future advancement of sensors being

developed for copper(II) detection. 

7. Future scope

Naked eye detection of copper would be of greatest utility for in-the-field measurements

where quick assays are desired. Clearly the selectivity of copper sensors is improving but for

optimal sensitivity, even greater selection against interfering metal ions will be required from

some of the sensors reported. As aqueous solubility improves, a wider range of applications will
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become available and should be a priority that is addressed for future advancement of sensors

being developed for copper(II) detection. Greater uniformity in testing and reporting of sensors

would aid the community. For example, interference studies should be included and examined

for up to at least 10x excess competing metal ions. As illustrated by the efforts summarized here,

there is great interest in copper sensors, particularly for rapid, naked-eye detection of copper. We

hope this review will be a handy reference tool for researchers interested in the development and

use of small molecule copper sensors
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