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Abstract: Polyoxophosphates are ubiquitous in nature and play important roles in biological systems and in the 
environment. Pyrophosphate (PPi), an important member of this family, is produced in over 200 biochemical 
reactions and is a marker in clinical diagnosis. In addition to its endogenous role, PPi alias E450 is currently 
used as preservative, emulsifier or taste intensifier in foodstuff. Despite this widespread occurrence and biologi-
cal importance, it is rather surprising that robust chemical systems that detect selectively and sensitively PPi 
in challenging matrices are still lacking. This mini review focuses on metal-salen complexes as reaction-based 
fluorescent sensors for the selective detection of PPi and other phosphates. The mode of detection is based 
on a novel disassembly approach in which the metal ion is sequestered by the target analyte from the complex 
and the metal-free ligand hydrolyses spontaneously into its fluorescent subunits. Optimizations of the probe and 
applications for PPi detection in cells and foodstuff are described.
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1. Introduction
Polyoxophosphates (Fig. 1) play a vital role in biological sys-

tems and in the environment.[1,2] Along with their role in energy 
storage and signaling in living systems, phosphodiester bonds link 
the sugar base building blocks in deoxyribonucleotides, the mol-
ecules of life.[2] In ecosystems, phosphate containing detergents 
and fertilizers contribute to the eutrophication of natural water 
resources resulting in a problematic increase in algae formation 
on the surface of water bodies.[3] This behavior has become one of 
the leading causes of impairment of freshwater sources.[4]

Phytic acid (Fig. 1) represents the major storage form of phos-
phorous in plant seeds.[5–7] It is an important food additive for 
ruminant livestock that is able to cleave enzymatically the phos-
phodiester bonds of phytic acid to phosphate and phosphorylated 
inositol derivatives. In contrast to this life-supporting role, it rep-
resents a toxic anti-nutrient for non-ruminants lacking this hydro-
lytic enzymatic activity.[7,8]

Inorganic pyrophosphate (PPi; Fig. 1) is generated in more than 
200 enzymatic reactions including the DNA polymerase chain re-
action and the hydrolysis of adenosine triphosphate (ATP; Fig. 1) 
to PPi and adenosine monophosphate (AMP).[9] Fluctuations in 
intracellular and extracellular levels of PPi are therefore indicative 
for certain diseases.[9] In fact, PPi represents an important biologi-
cal marker for crystal deposition disease, gout and cancer.[10–12] In 
addition to its biological role, PPi is used as food additive E450 in 
the European Union. Examples of foodstuff with high diphosphate 
contents include nuts (500 mg/100 g) and baking powder (1500 
mg/package).[13] The recommended dietary intake of E450 should 
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2).[18,23,41] Artificial receptors and sensors display similar inter-
actions.[23] Receptors exhibiting solely hydrogen bonding inter-
actions have been intensively studied, but seldom work in pure 
aqueous conditions.[24] Probably the most promising approach for 
selective and sensitive detection of PPi is based on metal com-
plexes with either one or two metal binding sites.[23,24]

Some prominent examples of such metal complexes either 
depicting distinct modes of action or exhibiting remarkable dis-
criminatory effects are discussed in more detail in the following 
section.[18,23] A special focus is given to a disassembly approach 
with metal-salen complexes.[20,25,26]

2.1 Indicator Displacement Assay (IDA)
In an IDA, an indicator is displaced from a receptor by a 

strongly binding competitive analyte leading to a detectable opti-
cal signal (Fig. 3, top).[42] The relative ease of structurally and 
electronically fine-tuning the individual building blocks and sub-
sequent self-assembling to a supramolecular system make IDAs 
highly attractive for analytical applications. In fact, IDAs have 
been used widely for detecting a large variety of different analytes 
including anions.[42] One of the first examples for discriminating 
PPi over ATP (5-fold increase in emission intensity) was reported 
by Hong and coworkers in 2004 using a binuclear ZnII-bis(2-
pyridylmethyl)amine complex (Fig. 4).[43,44]

Based on this pioneering study, systems with similar ZnII-
containing binding motifs were developed including cyclic peptide-
based receptors introduced by Jolliffe and her group in 2006.[45]

2.2 Chemosensor
A chemosensor consists of a receptor that is covalently linked 

to a signaling unit.[46] Selective binding of the target analyte to 

not exceed 70 mg per kg of bodyweight and day.[14] Although there 
seems to be no risk on phosphate intake for healthy people; hyper-
phosphatemia, a disorder with elevated levels of phosphates in the 
blood stream (>1.45 mM), has become an increasing concern for 
patients with cardiovascular and chronic kidney diseases.[13,15,16]

Considering the widespread occurrence and important roles 
of PPi in different settings, the selective and sensitive detection 
of PPi has attracted much attention. Despite notable progress in 
this area, the selective detection of low concentrations of PPi  
(<3 µM) in the presence of high concentrations (>1 mM) of mix-
tures of other endogenous polyoxophosphates represents an ana-
lytical challenge.[17-20]

Some sensitive enzymatic assays for the detection of PPi are 
available, but they are only applicable for biological testing af-
ter cell destruction, isolation and purification.[21,22] In contrast to 
bioassays, efficient chemical probes for selective and sensitive 
detection of PPi and other polyoxophosphates in biological, envi-
ronmental and other challenging matrices are rare.[18,20,23,24]

In this mini review, we give a short overview over the field and 
then focus mainly on the contributions of the authors’ research 
group to this important area.[20,25,26]

2. Different Approaches towards Detection of PPi
H
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a
 values of 0.85, 

1.96, 6.60 and 9.41.[27] At physiological pH of 7.4, PPi is therefore 
encountered as a mixture of H

2
P
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O

7
2– (14 %) and HP

2
O
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and exhibits the ability to strongly chelate with metal cations.[29] 

Depending on the transition metal ion, monomeric (M: FeIII, CrIII, 
CoIII/II, NiII, CuII, PtIV),[29–34] dimeric (M: ZnII, MnII, PtII),[34–36] tet-
rameric (M: CuII, VOII, ZnII)[37–39] and polymeric (M: CoII)[40] coor-
dination complexes have been characterized by X-ray crystallog-
raphy. Binding of PPi in biological systems is achieved by various 
interactions.[41] In the active site of yeast pyrophosphatase (PPase; 
Fig. 2), PPi is coordinated to two Mn(ii) ions and stabilized by 
additional hydrogen bonding and anion–cation interactions (Fig. 

Fig. 2. Schematic representation of the active site of yeast pyrophos-
phatase (PPase) with bound PPi depicting MnII-ligand coordination as 
well as hydrogen bonding and electrostatic interactions (Reprinted from 
P. Heikinheimo, J. Lehtonen, A. Baykov, R. Lahti, B. S. Cooperman, 
A. Goldman, ‘The structural basis for pyrophosphatase catalysis’, 
Structure, 1996, 4, 1491, with permission from Elsevier).[41] 

Fig. 3. Schematic depiction of the mode of action of an indicator dis-
placement assay (IDA; top) and a chemosensor approach (bottom).
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Fig. 4. Examples of ZnII-based sensors for the detection of PPi.[26,43,48] 
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3. Metal-Salen Complexes for Polyoxophosphate 
Detection

3.1 The Prototype
Our group introduced in 2015 the concept of the disassembly 

approach with ZnII-salen complexes for detecting di- and tri-phos-
phates at physiological pH 7.4 (Fig. 6).[26]

The disassembly of the blue fluorescent ZnII-complex 1 
(‘locked complex’; λ

em 
= 467 nm) by polyphosphates led to the 

metal-free salen ligand 2 (‘unlocking’) that hydrolyzed sponta-
neously to green fluorescent salicylaldehyde (3; λ

em 
= 490 nm). 

Although the response was instantaneous, the discrimination be-
tween PPi and ATP was modest. In particular, an approx. 2.0 and 
1.8 fold increase in emission intensity was observed for the former 
and latter analyte, respectively. Other drawbacks of this probe in-
cluded the low fluorescence quantum yield (13 % in DMF)[50] of 
the salicylaldehyde signaling unit as well as background hydro-
lysis of the complex. 

For these reasons, we started a project to improve the proper-
ties of this compound by modulating the different subunits (Fig. 
7) of the compounds systematically. Variations included modi-
fications at the metal center (section 3.2), at the salicylaldehyde 
building block (section 3.3) and at the diamine backbone (section 
3.4). Recent progress is described in the next section.[25,26]

3.2 Effect of the Metal Center
In light of search for selective probes for PPi, we decided to 

replace the central ZnII ion with other metal ions. In particular, we 
synthesized square pyramidal FeIII complexes with an apical water 
ligand for mainly two reasons.[20,25] Incorporation of this metal 
ion instead of ZnII into the salen framework results in a positive 
net charge and we expected additional electrostatic interactions 
between the analyte and the probe. Moreover, we anticipated that 
the combination of a hard Lewis acidic FeIII ion with a ligand 
framework of mixed Lewis base acidity would lead to stronger 
interactions and hence a better recognition of the rather hard poly-
oxophosphate anions. This assumption was proven to be correct 
and FeIII-salen complex 4 (Fig. 7) was more selective for PPi over 
ATP and showed an approx. 180-fold turn on emission intensity 
compared to ZnII complex 1 (Fig. 6).[25]

3.3 Modifications of the Salicylaldehyde Signaling Unit
Modifications of the salicyaldehyde signaling unit were in-

troduced for two reasons. In particular, we intended to improve 
selectivity and solubility. A sulfonate group was located at the 
para position of this building block to ensure water solubility of 
complex 5 (Fig. 7). This structural modification improved the 
quantum yield of the new salicylaldehyde signaling by a factor of 
1.7 compared to the prototype signaling unit 3.[25,50] An additional 
2.7-fold increase of quantum yield of the salicylaldehyde signal-
ing unit was achieved by introducing an additional chloride group 
at the ortho position in 6 (Fig. 7).[50] Unfortunately, these signifi-

the binding site leads to a colorimetric and/or a fluorometric 
detectable change (Fig. 3, bottom). A vast plethora of efficient 
systems for analytes including anions have been reported in the 
last decades.[46] Probably the first example for the fluorometric 
detection of PPi in water (pH 7) was described by Czarnik using 
a polyamine-modified anthracene derivative.[47] Strong binding 
of PPi to the receptor is based on a combination of electrostatic 
interactions and hydrogen bonding between analyte and the 
complementary polyamine. This molecular recognition event 
leads to a turn-on fluorescence of the anthracene signaling unit 
with a 2200-fold discrimination of PPi over phosphate (Pi).[47] 
Rissanen and his group reported on the sensitive detection of PPi 
with a ZnII-terpyridine complex (Fig. 4) leading to a 500-fold 
increase in fluorescence with an extraordinary limit of detection 
of 0.8 nM.[48]

2.3 Disassembly Approach
The chemosensing and IDA approaches for PPi detection 

with metal complexes are based primarily on the binding of the 
target analyte to the metal center(s). In 2015, the Zelder group 
introduced a conceptually different and alternative strategy for 
polyoxophosphate detection.[26] In this strategy, the target analyte 
translates into the disassembly of a metal complex into its molecu-
lar entities and a detectable fluorometric response. 

In particular, the water-triggered hydrolysis of imine bonds 
(Fig. 5, pathway A) is initially prevented by metal chelation 
(‘locked’ complex; Fig. 5, pathway B) and is only triggered upon 
sequestration of the metal ion from the imine complex with the 
target analyte (‘unlocking’: Fig. 5, pathway C). The disassembly 
of the complex to the molecular building blocks leads to a colo-
rimetric and/or fluorometric response. The concept of the disas-
sembly approach is discussed in the following section in more de-
tail. It was explicitly proven for polyoxophosphate detection with 
metal-salen complexes using numerous analytical techniques in-
cluding UV-Vis, fluorescence spectroscopy, 1H- and 31P-NMR as 
well as mass spectrometric studies.[25,26]

Although our group focuses momentarily mainly on poly-
oxophosphate detection with metal-salen complexes,[20,25,26] the 
disassembly approach is not limited to this class of compounds 
as demonstrated earlier by Kim and coworkers for detecting toxic 
cyanide with a coumarin-based CuII complex.[49]
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stuff.[20.25] Probe 4 (Fig. 7) containing no additional modifications 
at the salicylaldehyde units and ethylenediamine backbone was 
successfully applied for imaging of PPi in live HeLa cancer cells 
using confocal microscopy.[25] Cellular localization of the disas-
sembled probe in mitochondria was confirmed by co-staining 
experiments with MitoTracker Red (MTR; Fig. 9). Evidence for 
a selective response toward endogenous PPi was obtained from 
glucose starvation and KCN inhibition. These conditions disable 
mitochondrial ATP production.[51] In addition, inhibition of a plas-
ma membrane PPi channel results in an increase of the intracel-
lular PPi concentration and led to an increase in fluorescence. In 
contrast to staining experiments with probe 4, FeIII-salen complex 
8 with a structurally modified salicylaldehyde and diamine back-
bone was not applicable for cellular assays.[20]

In addition to biological assays, complex 8 was also tested for 
sensing PPi alias E450 in foodstuff. In particular, the applicabil-
ity was impressively demonstrated for PPi detection in baking 
powder.[20] 

Addition of an aqueous sample of baking powder to compound 
8 at pH 7.4 ([Tris] = 10 mM) led to an increase of fluorescence 
at 500 nm (Fig. 10), whereas no spectral changes were observed 
in the presence of starch and NaHCO

3
, the other two main com-

pounds of the commercial product.

5. Conclusion
In this mini review, we introduced the disassembly approach 

for polyoxophosphates (e.g. PPi, ATP) detection with metal-salen 
complexes. This approach was developed in the last five years 
in our laboratories. It is shown how structural modifications at 
different subunits of the metal complex affect properties and re-
activity as well as sensitivity and selectivity of the probe. Careful 
structural optimization led to an improved system for selective 
detection of PPi in the presence of other potentially interfering 
polyoxophosphates and analytes. Applications for detecting PPi 
in cancer cells and foodstuff are demonstrated. Given the large 
potential for structural modifications of metal-salen complexes, 
we expect to develop improved analytical systems for PPi and 
other analytical targets in the future. 
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cant improvements in quantum yield were accompanied by a loss 
in selectivity of PPi over ATP and other phosphate anions.[20,25]

3.4 Modifications of the Diamine Backbone
After having observed that modifications of the salicylalde-

hyde building block had a significant negative impact on the selec-
tivity of the probe, we speculated to counterbalance this undesired 
effect by modifications of the diamine backbone. Initially we test-
ed modifications with either electron-withdrawing or electron-do-
nating groups.[25] For example FeIII-salen complex 7 (Fig. 7) with 
a strongly donating phenylene diamine moiety did not show any 
disassembling behavior.[20,25] Replacement of the latter diamine 
with a less donating 2-propanediamine backbone in 8 (Fig. 7) 
appeared then to represent an optimal sensor.[20] A significant im-
provement in selectivity of complex 8 for PPi compared to 5 was 
achieved. In particular, 3.5-fold enhanced fluorescence emissions 
at 500 nm (λ

ex 
= 385 nm) with a limit of detection (LOD) of 1.50 

µM was observed without interference from ATP, Pi and 14 other 
tested anions (Fig. 8).[20]

3.5 The Disassembly Process
The mechanism of the PPi-induced disassembly of metal-

salen complexes has not yet been described on the molecular 
level, but initial results suggest formation of the metal-free ligand 
followed by fast hydrolysis into salicylaldehyde and the diamine 
subunit upon sequestration of the metal ion with the bidentate 
ligand PPi as schematically depicted in Fig. 5. This hypothesis 
is mainly supported from 1H-NMR experiments. In particular, 
the addition of 10 equiv. of PPi to the FeIII-salen complex 8 in 
deuterated DMSO led to the formation of the metal-free salen li-
gand (‘unlocking’; Fig. 5, pathway C). The latter hydrolyzed then 
rapidly into ethylenediamine and the salicylaldehyde derivative 
upon addition of deuterated water (‘disassembly’; Fig. 5, path-
way A).[20,25] Formation of free salicylaldehyde from the complex 
was additionally confirmed by mass spectrometric studies.[20,25,26] 
The demetallation (‘unlocking’) mechanism of the probe by PPi 
has not been described so far, but we assume that substitution 
of FeIII-coordinated H

2
O by PPi is followed by sequestration of 

the metal ion as schematically depicted in Fig. 5 (pathway C). 
Detailed mechanistic studies are currently being undertaken in 
our laboratory. 

4. Applications of Metal-Salen Complexes for Selec-
tive Detection of PPi in Living Cells and Foodstuff

The applicability of metal-salen complexes for the selective 
detection of pyrophosphate was tested in living cells and food-

Fig. 8. Fluorescence spectra of 8 (16 µM, λex = 385 nm) in the presence 
of PPi (10 equiv), ATP (10 equiv) and Pi (10 equiv) at pH 7.4 ([Tris buffer] 
= 10 mM) incubated for 30 min (adapted from ref. [20]).

Fig. 9. Confocal fluorescence microscopy images of HeLa cells im-
pregnated with 4 (50 µM) and MTR (A–D, 150 nm) or LysoTracker Red 
(E–H, 150 nm); A), E) bright-field image of HeLa cells; B), F) images 
through green channel, C), G) images through red channel, and D), H) 
overlaid images (N. Kumari, H, Huang, H. Chao, G, Gasser, F. Zelder: 
‘A Disassembly Strategy for Imaging Endogenous Pyrophosphate in 
Mitochondria by Using an FeIII–salen Complex’, ChemBioChem. 2016, 
17, 1213. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced 
with permission. 
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Fig. 10. Increase of fluorescence upon addition of an aqueous baking 
powder solution to 8 (16 µM, λex = 385 nm). Inset: Detection of PPi with 
8 (16 µM) in an aqueous baking powder solution using a laboratory UV 
lamp (adapted from ref. [20]). 


