
1

Coordination Chemistry Reviews 318 (2016) 16–28;
http://dx.doi.org/10.1016/j.ccr.2016.04.006

Metal complexes as fluorescent probes for sensing biologically relevant gas molecules

Maria Strianese and Claudio Pellecchia*

Dipartimento di Chimica e Biologia, Università degli Studi di Salerno, via Giovanni Paolo
II, 132, I-84084 Fisciano (SA), Italy

E-mail corresponding author: cpellecchia@unisa.it



2

Contents:

Introduction 4

1. Sensing nitric oxide (NO) 5

1.1 Transition metal-based NO probes 5

2. Sensing carbon monoxide (CO) 15

2.1. Metal complexes as fluorescence CO probes 16

2.2. Metal complexes as UV-vis CO probes 17

3.  Sensing hydrogen sulphide (H2S) 20

3.1. Copper displacement approach 21

3.2. Coordinative-based approach 26

Conclusions 29

References 30



3

Abstract

Last decades have seen a marked escalation in interest in the biology of naturally occurring

gases. Examples of the most significant of these gases are nitric oxide (NO), carbon

monoxide (CO) and hydrogen sulfide (H2S). All of them feature a number of physiological

and/or pathophysiological functions within human body. For example, NO regulates

vasodilatation in the circulatory system and long-term potentiation in the brain. CO

modulates vasorelaxation, vascular smooth muscle cell growth and tissue injury. H2S relaxes

vascular smooth muscle and inhibits smooth muscle cell proliferation. In addition it acts as

neuromodulator in the central nervous system. Furthermore it is also well acknowledged that

all of them are differently associated with various human diseases. However, for the

advancement of our understanding of the physiological and pathological roles played by

these signal transductors, there is a pressing need for methods allowing their detection in

both aqueous and gaseous media. The aim of this review is to highlight the recent

developments in the field of metal complexes as fluorescent probes for the detection of

gasotransmitters and to provide a general overview of fluorescent sensors implemented so

far for NO, CO and H2S.
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Introduction
Nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S) are the main

examples of biologically active gases which occur naturally in human body [1. These

gaseous molecules effect physiological and/or patho-physiological functions within the

human body. NO, CO and H2S participate in the regulation of vascular homoeostasis and of

the central nervous system. While there is plenty of literature on the biological importance

and functioning of NO [2-6 and CO [7;8, understanding of H2S chemistry and of its far-

ranging contributions to physiology and pathology is at a somewhat earlier stage and still

mostly unknown [1;9-16. During the last decades, the possibility of dynamic monitoring of

these gas molecules in biological samples resulted in an upsurge of interest with the aim to

devise highly efficient systems for their detection. Early approaches to measure these

molecules in blood plasma and homogenized tissues mainly rely on colorimetry,

electrochemistry and chromatography which require sample processing and/or destruction of

tissues or cell lysates. Optical devices (mainly fluorescence-based sensors), which overcome

most of the limitations of the traditional approaches, have been also presented over the

years.

This review deals with the recent progresses in the field of fluorescence-based probes for the

detection of biologically relevant gas molecules (e.g. NO, CO, H2S) focusing on the devices

using a metal complex as the molecular recognition element. Sensors are commonly referred

to as “turn-off” sensors when they exploit the quenching of the fluorescence intensity upon

analyte binding, whereas the “turn-on” sensors undergo the enhancement of the fluorescence

intensity upon analyte binding. “Turn-off” sensors are inherently less sensitive than methods

exploiting fluorescence enhancement or “turn on” as a result of binding. Furthermore, it is

usually difficult to distinguish analyte response from sensor degradation when quenching is

relied upon for recognition [17.
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1. Sensing nitric oxide (NO)

NO plays a key role in a number of different biological processes [3. At low concentrations,

NO regulates vasodilation in the circulatory system and serves as a messenger in the

immune and nervous systems [4. At micromolar concentrations NO can result into

neurodegenerative and carcinogenic disorders [5;6. Furthermore NO is a by-product of high

temperature combustion [18 and one of the environmentally hazardous exhaust gases

generated by motor vehicles [19. Emissions of this gas cause environmental problems such

as acid rain, destruction of the ozone layer, greenhouse effects and air pollution. With such

wide interests in NO, the setting up of efficient methods for detection of NO in both aqueous

and gaseous media is still a challenging task. In the literature several fluorescence-based

systems for NO detection have been proposed over the last decades. They can be divided

into two main groups : i) transition metal-based fluorescent probes and ii) organic

molecules-based fluorescent probes. Probes belonging to the second group (ii) make use of

organic molecules with electron-rich components, such as 1,2-diaminobenzenes, that react

with an oxidation product of NO, such as N2O3, to form an electron deficient product, such

as a triazole, to modulate the emission of the fluorophore, thus reporting the presence of

NO. Probes belonging to the second group (ii) have been recently reviewed elsewhere [20

and will not be discussed in the present review.

For a more complete picture of the NO sensors reported in the literature, it is worth

mentioning also sensors using a metalloprotein as molecular recognition element (whose

cofactors are in turn metal complexes). A number of these sensors base their functioning on

the coordination of the target analyte to the metal binding site of the protein [21-23. In this

context, we devised a biosensor which uses fluorescently labeled cytochrome c peroxidase

(CcP) from baker's yeast for monitoring nitric oxide (NO) down to the sub-micromolar

level, by means of a FRET (Förster Resonance Energy Transfer) mechanism [24.

Metalloprotein-based probes, however, will not be discussed in the present review.

1.1. Transition metal-based fluorescent probes

Differently than purely organic NO probes, metal-based probes detect NO directly. Existing

transition metal-based fluorescent probes for NO detection have been subdivided into three

different categories (depending on the reaction mechanism by which NO recognition occurs)
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[20;25 : (a) fluorophore displacement; (b) ligand nitrosation; (c) and Cu2+ reduction by NO.

Typical examples of the three mechanisms involved in NO recognition are displayed in

scheme 1.
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All the three mechanisms rely on the ability of transition metals with a incomplete filled d-

shell to quench the fluorophore fluorescence via energy or electron transfer between the d-

orbitals of the metal ions and the excited states of the fluorophore. In the first two cases the

turn-on response to NO is due to the displacement of the fluorophore from the quenching

ability of the metal centre, so that emission of the fluorophore itself is restored. The third

approach involves NO-mediated reduction of paramagnetic Cu(II) to diamagnetic d10 Cu(I)

which finally results in the recovery of the emission of the fluorophore.

Lippard and coworkers reported several studies on different metal complexes as NO sensors,

by exploiting both the fluorophore displacement approach [26-33 and the Cu2+ reduction

approach [34-41.

One of the first NO sensing device implemented by the group of Lippard, belonging to the

category (a), is a cobalt complex with a mixed aminotroponiminate salicylaldiminate ligand

(1) where the two aminotroponiminate moieties bear two dansyl substituents [26.

Figure 1. Schematic representation of the NO sensing mechanism by (1). Adapted from ref. [26]

The complex acts as a ‘turn-on’ NO fluorescence sensor which selectively recognize NO

against different NO oxidation products. Upon NO addition the system undergoes a four-

fold fluorescence enhancement. The quoted NO detection limit is in the range of 50-100

µM. The mechanism proposed for the fluorescence enhancement in the presence of NO

implies formation of a Co-nitrosyl adduct with a tetrahedral geometry, as proposed by IR

experiments and by comparison with the crystal structure of a similar adduct, Co(NO)2(i-



8

Pr2ATI) [42. Formation of a Co-nitrosyl adduct with a tetrahedral coordination environment

around the cobalt is possible when dissociation of one of the arms of the fluorescent ligand

from the metal center occurs. This way, in the absence of the quenching metal, the

fluorescent ligand recovers its initial fluorescence. A few years later the same research group

proposed another family of cobalt based NO sensors (5) [28.

This time the aminotroponiminate moiety was linked to a derivatized fluorescein group with

the aim of achieving a water solubility higher than that of the previously implemented

probes. Unfortunately, a lower fluorescence enhancement in the presence of NO and poor

water solubility were actually found, leading to the conclusion that those systems were not

well suited for NO detection in biological systems. The next step of the Lippard group was

to synthesize and test carboxylate-bridged diiron(II) and dicobalt(II) complexes as NO

sensors (6).[43

Again, both the diiron and the dicobalt complexes were found to react with NO leading to an

increase in fluorescence emission caused by the ligand displacement approach, but the issue
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of enhancing water solubility could not be resolved with these systems. It was concluded

that the fluorophore displacement methodology (a) is compatible only with organic solvents

while fluorescence turn-on can occur even in the absence of nitric oxide in aqueous

environments, since water molecules can replace the fluorophore at the metal center. Thus

the first generation of the Lippard sensors were not suitable for detection of NO in biological

systems. Hence, in the course of the years, a more effective strategy has been devised (b),

involving the reduction of a metal center by nitric oxide followed by the nitrosation of the

starting ligand which is displaced by the metal center (usually copper). One of the main

examples of NO sensors working via the ligand nitrosation approach (b) was reported by

Ford et al.[44;45 Cu(DAC)2+ (where DAC is a derivative of the macrocycle cyclam) is a

non-fluorescent specie because of the intramolecular quenching by the paramagnetic Cu(II)

centre (7).

In the presence of NO the system undergoes a clear fluorescence enhancement and a strong

emission in the 380-480 nm range characteristic of anthracene luminophores appeared. The

NO-triggered fluorescence enhancement is due to Cu2+ reduction to Cu+ and to the

concomitant dissociation of the N-nitrosated ligand from Cu+. A few years later the Lippard

group proposed a family of fluorescein-based Cu2+ complexes (CuFLn) working with a

similar mechanism (8) [35;40;46;47.
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Figure 2. Schematic representation of the NO sensing mechanism by CFL probes

CFL probes react directly and quickly with NO resulting in a consistent turn-on of the fluorescence

emission (which spans from a ~3-fold fluorescence enhancement for CuFL1 to a ~30-fold for

CuFL4) in buffered solutions (pH  = 7), maintaining selectivity for NO over other RNOS. The

quoted NO detection limit for the CuFL probes is in the nanomolar range. The family of the CFL

probes represent one of the first examples of NO probes able to sense NO in physiological media. In

more recent years, to improve the utility of the CFL probes for measuring NO in biological

environments, Lippard & coworkers devised scaffolds emitting at longer wavelengths (9) [38. In

these constructs the fluorescein group was substituted by a seminaphthofluorescein moiety (SNFL

systems).
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Such probes expanded the number of colors available for multi-dye imaging experiments.

Upon NO addition these probes exhibited a huge fluorescence enhancement (~ 50 fold)

together with high selectivity over other potential RONS in biological systems. The

seminaphthofluorescein-based probes were successfully used to visualize endogenously

produced NO in live cells. Last generation of the Lippard Cu complexes as probes for NO

detection exploits benzoresorufin-based complexes (CuBRNO1-3) (10) which work by the

nitrosation approach (b) [39.

Figure 3. Different chemical structures of (10)

The rationale behind the choice of resorufin dyes is that they emit at wavelengths >600 nm

with Stokes shifts up to 60 nm. Accordingly, sensors based on resorufin dyes exhibit less

background absorption and emission from biological samples and constitute an advantage

over previously reported emitters above all for biological imaging purposes. These

complexes serve as selective sensors for NO over other ROS but exhibit modest increases in

emission intensity (~3 fold emission turn-on). ESI-MS, EPR and electrochemical studies on
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the mechanisms by which these complexes  respond  to NO indicate that the fluorescence

enhancement is due to copper reduction to Cu+ and to the concomitant displacement of the

N-nitrosated ligand from Cu+.

The ligand nitrosation approach (b) has been successfully applied by the group of Duan (11)

[48.

They prepared a copper(II) complex with a ring-closed rhodamine containing tripodal ligand

(CuRBT) which undergoes an extraordinarily high fluorescence enhancement in the

presence of NO: 700-fold in aqueous solution. The detection limit was found to be around 1

nM. The system could be successfully employed for measurements of NO in living cells. By

ESI-MS experiments and cyclic voltammetry studies authors proposed the working

mechanism of the system. Upon NO addition, initial NO coordination to the square planar

copper complex occurs followed by formation of NO+ through the NO-induced reduction of

Cu(II) to Cu(I); then NO+ moves towards the amide nitrogen and the spirolactam opens. At

this point the concomitant nitrosation of the ligand and the turn-on of the fluorescence

response take place. The quoted NO detection limit is 1 nM. One year later the group of

Duan proposed a different copper complex as NO sensing device (12) [49.
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Figure 4. Schematic representation of the NO sensing mechanism by (12). Adapted from ref. [49]

In this work, the copper complex features a naphthalimide moiety as the luminescence

active unit (CuQNE). As for the previous system (see above) the proposed mechanism

exploits the initial NO coordination to the copper complex followed by formation of NO+

with concomitant reduction of Cu(II) to Cu(I), restoring the emission of naphthalimide.

Then the ligand (QNE) was nitrosated to QNE-NO by NO, resulting in further enhancement

of fluorescence. The authors report for this system an approximate 8-fold fluorescence

increase in the presence of NO and a detection limit of about 1 nM . Also CuQNE was found

suitable for measuring NO in intracellular environments as proven by confocal fluorescence

experiments.

As already mentioned before, a consistent number of copper complexes for NO detection

relying on the Cu2+ reduction approach (c) are also present in the literature. The group of

Lippard gave a consistent contribution [34-41. Cu(Ds-en)2 and Cu(Ds-AMP)2 (where Ds-en

(dansyl-ethylenediamine) and Ds-AMP (dansyl-aminomethylpyridine) (13) are the ligands

coordinating the copper center) constitute some of the main examples of this class of sensors

proposed by Lippard and coworkers [34.
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Figure 5. Schematic representation of the NO sensing mechanism by (13). Adapted from ref. [34]

The main difference between the CuFL sensing platform with respect to Cu(Ds-en)2 and

Cu(Ds-AMP)2 is that in the latter case NO recognition occurs only by Cu2+ reduction,

whereas the complete release of the organic ligand from the Cu(I) centre does not occur. In

the presence of NO the emission intensity of this class of complexes increases by about 8

fold with a detection limit of 10 nM.

Mondal and coworkers synthesized Cu(II) complexes with tridentate N-donor ligands

featuring a pendant dansyl fluorophore (14) which can be used to sense nanomolar quantities

of nitric oxide in both methanol and pH 7.2 buffered-water medium. In the presence of NO

they observed a fuorescence enhancement (ranging from 6-fold to 8-fold) and attributed it to

the formation of a diamagnetic Cu(I) species after reduction of a paramagnetic Cu(II) center

by nitric oxide [50-53.

Figure 5. Different chemical structures of (14)
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In addition to the wide variety of copper complexes, other transition-metal complexes,

including those of Fe(II), Ru(II), Rh(I) and Re(I), have been devised over last decades as

nitric oxide sensors [46;54-59. For instance, very recently a series of rhenium(I)

polypyridine complexes functionalized with an electron-rich diaminoaromatic moiety (15)

were reported as a new class of phosphorogenic sensors for NO [58;59. All the starting

diamine complexes were very weakly fluorescent, due to the PET from the diaminoaromatic

moiety to the excited rhenium(I) complexes. Upon treatment with NO, the diamine

complexes were transformed into the strongly fluorescent triazole derivatives (as evidenced

by ESI-MS experiments and cyclic voltammetry studies) with the emission intensity

enhanced by ~60 fold. The successful use of some of the rhenium polypyridine complexes

as intracellular NO sensors was also demonstrated by the authors.

Figure 7. Schematic representation of the NO sensing mechanism by (15). Adapted from ref. [58]

2. Sensing carbon monoxide (CO)

Like NO, CO is also an important signalling molecule. Many of the biological properties of

CO are similar to those of NO. In addition CO inhibits proliferation of vascular smooth

muscle cells and has anti-apoptotic activity [1. On the other hand CO is well known for its

high toxicity and its common presence in domestic and work settings. The traditional

methods to detect CO make use of electrochemical cells, solid-state sensors, and

thermocouples. Electrochemical sensors based on metal oxide semiconductors generally

possess reasonably good resolution and measuring ranges. However, these sensors are very
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sensitive to temperature and pressure and this may constitute a limitation for measurements

on real samples [60.

As already mentioned above, optical methods offer several advantages over other analytical

procedures, such as the use of very simple and inexpensive instrumentation. Since in the

literature there are only a few examples of transition-metal fluorescence based probes,

herein we review also the UV-vis based probes [20;60.

2.1. Metal complexes as fluorescence based CO sensors

In 2012 the group of Chang proposed a cyclopalladated species as a CO fluorescent sensor

(16) [61.

N
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F F
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2

(16)

In the presence of CO authors report a fluorescence enhancement (~10 fold) in aqueous

buffer. The proposed mechanism exploits the fact that the presence of palladium quenches

the fluorescence of the borondipyrromethene difluoride (BODIPY) core whereas upon

binding of CO, a carbonylation reaction concomitantly reduces palladium to Pd(0) and

forms a more fluorescent species. Furthermore, the cyclopalladated species was found to

have good selectivity to CO over other biologically relevant reactive oxygen, nitrogen, and

sulfur species, including H2O2, tert-butyl hydroperoxide (tBuOOH), hypochlorite (OCl-),

superoxide (O2-), NO, peroxynitrite (ONOO-), and H2S. By confocal fluorescence

experiments authors demonstrated that their probe can be successfully used to visualize CO

in living cells.
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In 2015 Wilton-Ely reported a series of ruthenium and osmium vinyl complexes of the

general formula [M(CH=CHR)Cl(CO)(BTD)(PPh3)2 containing the BTD chromophore

(BTD=2,1,3-benzothiadiazole) and several different vinyl ligands (17) [60;62.
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M = Ru

M = Ru
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M = Ru
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(17)

For these compounds, authors reported a clear fluorescence enhancement (20-fold) in the

presence of CO (both in chloroform solutions and in gas phase), which were ascribed to the

displacement of the BTD ligand upon coordination of the CO group. Different color

modulations and sensing features were reported by the authors in the presence of CO when

changing the metal center and the vinyl ligands (with different donor-acceptor properties).

The pyrenylvinyl ruthenium complex was reported as the best performing CO sensor in the

set of compounds investigated. Considering the combination of sensitivity (till 0.005 ppm of

CO), selectivity (against other gases e.g. CO2, N2, O2, Ar, SO2, NOx and H2S), simple

synthesis, and low cost of their systems, the authors proposed them as attractive and

efficient chemosensors for the simple chromogenic and fluorogenic detection of CO.

2.2. Metal complexes as UV-vis based CO sensors with potential environmental

applications

One of the first examples makes use of bimetallic rhodium complexes covalently

immobilized on glass substrates (18) [63.
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Bimetallic rhodium complexes undergo immediate color change in the presence of ppm

levels of CO in air. The sensor is highly selective against unsaturated hydrocarbons and does

not respond to air saturated with water vapor. In the presence of gaseous CO authors report a

significant absorption intensity increase of the initial UV-vis spectrum of the system. They

rationalize this optical behavior by an enhancement of ligand-to-metal charge transfer

(LMCT) promoted by η1-coordination of CO to the metal complex. CO binding is reversible

since heating or purging the system with air, Ar or N2 results in full system recovery.

Authors report selectivity to CO of their system against N2, CO2, NOx, N2O, O2, CH4, H2.

The detection limit quoted for the system is of  2.5 ppm of CO.

Another example was proposed by Kirchner and coworkers [64. This time the complex

which acts as molecular recognition element is a coordinatively unsaturated iron PNP pincer

complex [Fe(PNP-iPr)Cl2] (19).



19

This iron complex is able to bind reversibly and in a selective manner CO. Heating the

system under vacuum results in the complete recovery of the pure sample; the cycle can be

repeated several times with a concomitant and clear color change from yellow to red. The

formation of the hexa-coordinate derivative CO adduct was proven by time-resolved IR

spectroscopy, NMR, UV-vis and X-Ray powder diffraction. The system works as an

efficient CO sensor in the solid state (by exposing the solid compound to 1 atm of gaseous

CO) but also in DMSO solution suggesting possible applications as CO sensor and as

crystalline switch. Selectivity of the iron PNP pincer complex to CO was proven against

different gases like NO and SO2. More recently the group of Sancenon proposed a family of

binuclear rhodium complexes as sensitive and selective CO sensors (20) both in chloroform

solution and in gas phase [65;66.

In particular they showed as the compound of formula cis-

[Rh2(C6H4PPh2)2(O2CCH3)2](HO2CCH3)2 (21) prepared by Cotton et al. in 1985 [67 works

very efficiently as a chromogenic probe for carbon monoxide.

RhH3CCO2H
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O

Rh HO2CCH3

O
P

O
OPh

Ph

X

PhPh

(21)
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Color modulations are due to coordination of CO at axial positions. A clear color change to

the naked eye at 50 ppm of CO (concentrations at which it becomes toxic) was observed.

Preliminary experiments were performed in chloroform solutions; in a second instance the

complex was absorbed on silica gel to measure CO in air samples. Authors report that the

system is selective to CO (against different gases like SO2, NO, NO2) and fully reversible.

Long and coworkers prepared a series of P-S-N complexes (22) and reported that the iron

and the cobalt complexes act as efficient CO chromogenic sensors by forming the

corresponding octahedral monocarbonyl complexes [68.

M2+
S

P
Ph2

S

Ph2
P

H2N

NH2

2 X-

M = Fe, Co, Ni; X = BF4, ClO4

(22)

When acetonitrile solutions of the P-S-N complexes were exposed to 1 atm of CO, CO

binding occurs and results in a clear color change from purple to orange. They also report

that CO binding to the isolated complexes is fully reversible.

3. Sensing hydrogen sulfide (H2S)

Traditionally, H2S was considered a toxic and harmful gas (the critical concentration is 300

ppm). More recently, in sharp contrast to its toxic image, it was recognized to occur

naturally in human body [1;15;69. The concentration of H2S required to give physiological

responses has been reported to be in the range 10µM- 1mM, although the intracellular H2S

levels generated in response to physiological stimuli are still controversial [70;71. In recent

years the understanding of its reactivity has increased a lot and this molecule has been

recognized to be involved in various physiological and pathological functions within the

human body. However the complex contributions of H2S to both healthy and disease states,
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and a large part of the underlying molecular events, remain unknown [72. Therefore,

efficient methods to sensitively and selectively detect H2S in living systems are still a

challenging task [16;20;69;72-80.

Current classification of the existing fluorescent probes for H2S is based on the mechanism

of the reaction by which analyte recognition occurs [20;81. Existing fluorescence-based

probes have been subdivided in four different categories: i) azide-to-amine reduction [82-

89; ii) nucleophilic addition [90-93; iii) copper displacement [94-98; iv) nitro-to-amine

reduction [99;100.

All the sensors belonging to the above categories are based on the use of organic molecules

which change their fluorescence intensity upon interaction with H2S. Sensors belonging to

category iii constitute an exception since in this case the sensing molecule is a metal

complex. In this case recognition builds on the displacement of the metal from the

fluorophore’s environment to generally produce fluorescence turn-on changes via H2S

mediated precipitation of Mt-S [101-108.

As already mentioned above, probes belonging to the groups i), ii), iiii) do not contain a

metal center, thus are outside the scope of the present review. For recent reviews on them,

please see the works of Kumar and coworkers [20, that of Guo and coworkers [25 and that

of Jiang and coworkers [109.

In addition to the above mentioned approaches for H2S detection, a fifth way to achieve H2S

recognition by using a metal complex as molecular recognition element has been recently

devised: a coordinative-based approach [110-114.

3.1. Copper displacement approach

One of the first H2S sensing device implemented by exploiting this approach has been set up

by the group of Chang [115. They reported that a dipicolylamine (DPA) fluorescein

complex with Cu2+ (DPA-AF+Cu2+) (23) showed a selective turn-on fluorescence response

to sulfide anion.
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The selective signal is based on the decomplexation of Cu2+ ions from the

(DPA)_fluorescein moiety due to the precipitation of a stable complex of Cu2+ with sulfide

anions. The S2—triggered-Cu2+ removal allows the probe to detect 10 µM H2S in aqueous

solution at pH 7.4, and it could be used for H2S detection in physiological media. However

this system was also not selective since it showed fluorescence enhancement upon addition

of 10 mM GSH. Thus in 2011 Nagano and coworkers designed and synthesized a new

family of probes based on a fluorescein framework conjugated with an azamacrocyclic Cu2+

complex (24).[116

Figure 8. Schematic representation of the H2S sensing mechanism by (24). Adapted from ref. [116]

Initially, fluorescence of the azamacrocyclic ring (cyclen) is quenched by the paramagnetic

Cu2+ center. Reaction with a sulfide source (Na2S or NaHS) results in the precipitation of

CuS and release of the unbound cyclen which displays fluorescence enhancement. The

system implemented by Nagano undergoes a large and immediate increment of fluorescence

intensity by 50-fold upon addition of 10 µM H2S, whereas almost no fluorescence increase is

observed upon addition of 10 mM GSH. The high potential of the azamacrocyclic Cu2+

complex as H2S sensor was proven by employing it for fluorescence imaging measurements
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of H2S in intracellular environments. Use of different macrocycles such as

tryazacyclononane (TACN) or tetraazacyclotetradecane (cyclam) or trimethylcyclen

(TMCyclen) resulted in less efficient H2S sensing [116.

The group of  Zeng synthesized a related fluorescein-based scaffold which showed the usual

fluorescence quenching when binding Cu(II) (25) [117.

O OO-

COOH

NH+

NO-

Cu2+Cl

(25)

The complex resulted highly specific for hydrogen sulfide over other interferents (e.g.

different  inorganic sulfur compounds, reactive oxygen species (ROS) or reactive nitrogen

species (RNS)), and following the usual scheme for this class of H2S sensors, its reaction

with H2S restored the free dye. The probe displayed 25–30 fold fluorescence enhancement

after adding 20 µM H2S to the sample and the detection limit was quoted at 1.7 µM.

Interestingly, when adding subsequently Cu(II) and H2S to the solution of the sensing

system, a switchable change in the fluorescence intensity was observed. Such a reversible

interconversion can be repeated more than 10 times by adding alternatively Cu(II)/H2S,

indicating that the system behaves as a reversible fluorescence on–off–on probe for H2S. In

addition the authors showed that the system can be used for detection of H2S in intracellular

media by live-cell imaging experiments. By a similar approach, Yu and coworkers

synthesized a multifunctional fluorescent Cu(II) sensor based on a cyclen-appended BINOL

derivative (26) [118.
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Also the present system works as “ON-OFF-ON” fluorescence switch when subsequently

adding Cu2+and S2- along with reversible formation-separation of the complex in water

solution. The detection limit was estimated to be 16 µM. Furthermore the system showed

high selectivity over competitive biothiols, commonly tested anions and inorganic sulfur

compounds. The group of Li successfully prepared a new disubstituted polyacetylene

bearing pyridine moieties in the side chains (27) which upon binding of Cu2+ acted as a well-

performing H2S sensor via the copper displacement approach [119.

N
N

N

O

CCCC
0.25 0.75

O(CH2)3Br

n

Cu2+

(27)

The strong green fluorescence of disubstituted polyacetylene could be completely quenched

by Cu2+ even at a very low concentration (2.0 * 10-6 mol/L) and restored upon addition of

sulfide anion, with the detection limit down to 5.0 *10-7mol/L. High selectivity against a

number of possible competing species was observed.

Later, a 8-hydroxyquinoline-appended fluorescein Cu2+ derivative was proposed by the

group of Zeng by exploiting the same copper displacement approach (28) [120.
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High selectivity is claimed for the implemented device against other common ions and other

forms of sulfate. By experiments in living cells authors reported clear evidence that their

sensor has potential biological applications for sulfide detection. In 2014 the group of Parra

proposed an anthracene-functionalised cyclam–copper(II) complex (29) for the detection of

HS– by making use of the same approach.

N N

NN

Cu2+

H

H H

(29)

The latter system behaves quite similarly to the above discussed copper sensors for H2S

detection [121. The probe recognizes selectively H2S over other anions, biothiols and

common oxidants such as H2O2. Real-time fluorescence imaging experiments demonstrated

that the system can be used to successfully detect HS- in intracellular environments.

A slightly different approach was used in the setting up of an indole functionalized

rhodamine Cu2+ derivative (30) as H2S sensor which enables naked eye detection [122.
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ON N+

O

N N
N

2+Cu

(30)

Indole and rhododamine (the two fluorophores) were chosen for designing the receptor

which bases on a FRET-based phenomenon. Binding of Cu2+ to the indole functionalized

rhodamine results in the opening of the spyrolactam ring of the rhodamine derivative, whose

absorption spectra shows a significant spectral overlap with the emission spectra of the

indole moiety and makes the FRET process possible. Furthermore an increased absorbance

in the NIR (near- infrared) region of the UV-vis spectra was also observed. A concomitant

change from colorless to blue was also observed when Cu2+ binds to the indole

functionalized rhodamine. When adding S2- to the solution containing the copper complex,

the usual precipitation of copper was observed and the fluorescence of the functionalized

rhodamine restored. Authors reported that their indole functionalized rhodamine Cu2+

derivative could be successfully used also for sulfide sensing in intracellular environments.

3.2. Coordinative-based approach

Over the last decades different examples of transition metal complexes featuring H2S or HS_

binding to the metal center have been isolated and fully characterized [123-128. Drawing

upon the consideration that fluorescent sensors for H2S developed so far are one-pot-devices

because of the irreversibility of the reaction by which H2S recognition occurs, a

coordinative-based approach was recently proposed by us and others [110-114. By a

coordinative-based approach one may, in principle, remove H2S from the metal center of the

sensor and ensure a reversible H2S binding process. This is advantageous for measurements

on real samples allowing reusability of the sensing device.

In 2009 Galardon and coworkers reported the first HS- coordination complex as a probe for

the target analyte: a thiolato complex of zinc (TpPh,MeZn(MUS)) (31), where MUS stands for

7-mercapto-4-methylcoumarin, as a ‘turn-on’ specific sensor for H2S.110
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Figure 9. Schematic representation of the H2S sensing mechanism by (31). Adapted from ref. [110]

In the presence of HS- its recognition occurs thanks to MUS- release and HS- binding to the

zinc centre which results in the concomitant color change of the sample solution from

colorless to yellow. Furthermore the fluorescence intensity of the zinc complex is higher

than that of free MUSH, thus the complex acts as ‘turn-off’ H2S sensor. The detection limit

for H2S was quoted down to 1 µM.

More recently our research group reported a simple copper porphyrin complex (32) as a

‘turn on’, sensitive and selective fluorescent probe for the detection of H2S in aqueous media

via a coordinative-based approach [113.
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H3C CH3

CH2
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CH2

CH2

OH HOO O

CuKSH
SH

(32)

-

Figure 10. Schematic representation of the H2S sensing mechanism by (32).

The probe selectively and sensitively detect HS– anions in basic water over other anions,

biothiols and common oxidants such as H2O2.
1H NMR and ESI MS experiments provided

evidence that the turn-on of the fluorescence in the presence of H2S is due to binding of the

target analyte to the copper center. Extending our studies to metalloproteins, we reported

that cobalt containing peptide deformylase (Co-PDF) can be implemented as a FRET-based

H2S sensor by the same coordinative-based approach [112. We also reported the X-ray

structure of the Co-PDF hydrosulfide adduct (see figure 11). The Co-PDF system operates

as a ‘turn-off’ devise.

Figure 11. Coordination of hydrosulfide to Co-PDF (hydrosulfide in yellow and water in red). Water molecules

alternating with hydrosulfide in the Co-PDF adduct are omitted for clarity.
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Conclusions

Different strategies have been designed for the development of fluorescent metal complexes

for the sensitive and selective detection of NO, CO and H2S in solution and in intracellular

environments. As for NO detection via transition metal complexes three different strategies

have been devised over the decades: (a) fluorophore displacement; (b) ligand nitrosation; (c)

and Cu2+ reduction by NO. The first approach resulted not suitable for the design of sensors

working in biological environments because of the poor water solubility of most of the

implemented systems. In addition, the possibility that water molecules can displace the

fluorophore from the metal center causing fluorescence turn-on even in the absence of NO

constitutes also a limitation when exploiting the first approach for the implementation of

sensors for bioimaging purposes. The other two strategies resulted more effective in

devising sensors for measurements of NO in living cells. The main difference between the

ligand nitrosation approach and the Cu2+ reduction approach is that in the latter case NO

recognition occurs only by Cu2+ reduction whereas the complete release of the organic

ligand from the Cu(I) centre does not occur. Implementation of fluorescent transition metal

complexes as CO sensors is at an earlier stage than that of NO sensors and research in this

field is still in progress. Research efforts in the implementation of fluorescent transition

metal complexes as H2S sensors started much later than that on NO and CO sensors as a

consequence of the recent discovery that H2S is involved in various physiological and

pathological functions within the human body. The two main strategies to devise transition

metal complexes as H2S sensors exploit the copper displacement approach and the

coordinative-based approach. In both cases H2S binds to the metal center but in the first case

subsequent precipitation of the Mt-S occurs whereas in the second case removal of the target

analyte can be possible, ensuring reversibility of the binding process, which in turns results

in the reusability of the sensor. For sensing applications on real samples reusability of the

sensor is of course highly desiderable.

We expect that the design strategies described here will trigger the development of new and

improved probes to meet specific research needs and for practical applications. We foresee

significant advances in this area in the near future.
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