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Abstract: Simple but powerful chemosensors were developed by taking advantage of self-assembly processes. 
First, we will describe a turn-on fluorescent sensor for the pharmacologically important lithium ion. The sensor can 
be used in purely aqueous solution, and it displays a very high selectivity for lithium over sodium and magnesium 
ions. It is based on a metallacrown receptor unit, which can be assembled in situ from simple building blocks. 
Furthermore, we will describe a cross-reactive sensor array for the detection of small peptides. The individual 
sensors of the array are formed by mixing metal complexes with fluorescent dyes.
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Introduction

Analyte-selective chemosensors have been 
investigated extensively by many research 
groups. Quite often, substantial synthetic 
efforts are required in order to achieve 
good sensitivity and selectivity. In this 
article, we present two types of sensors, 
which overcome synthetic difficulties by 
using self-assembly processes. First, we 
describe a selective turn-on fluorescent 
sensor for lithium ions in water. Second, 
we present a sensor array for peptides. The 
array was made by simply mixing com-
mercially available fluorescent dyes and 
metal complexes.

A Turn-on Fluorescence Sensor for 
Lithium Ions[1]

The selective sensing of the pharma-
cologically important[2] lithium cation in 
aqueous solution is a challenging task.[3,4] 
Due to the high solvation energy of Li+, a 
very potent ionophore is required in order 
to capture it. Furthermore, Li+ is usually 

found in the presence of high concentra-
tions of competing ions such as Na+ or K+. 
A chemosensor therefore needs to display 
a very good selectivity.

Over the past years, we and others 
have investigated extensively the chemis-
try of 12-metallacrown-3 complexes.[5,6] 
These macrocycles can be obtained by 
reaction of organometallic half-sandwich 
complexes of Ru(ii), Rh(iii), or Ir(iii) with 
organic ligands containing the 2,3-dihy-
droxypyridine motif. 12-Metallacrown-3 
complexes of this kind were found to 
have a pronounced affinity for Li+ and a 
good selectivity over other cations. Fur-
thermore, simple modifications of the 
organic ligands made these complexes 
water soluble.[6d,f]

As the recognition unit for our Li+ sen-
sor, we employed a 12-metallacrown-3 
complex that was decorated with fluores-
cent dyes. The fluorophore 7-methoxy-
coumarin was appended to 2,3-dihy-
droxypyridine to afford ligand 1 (Scheme 
1). Base-assisted self-assembly of 1 and 
the arene ruthenium chloro-dimer [(C

6
H

5
CH
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NMe

2
H)RuCl
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]

2
Cl

2
 (2) afforded the 

12-metallacrown-3 complex 3. Thanks to 
its numerous amine groups, macrocycle 3 
was found to be soluble in buffered water 
(pH 8.0, phosphate buffer). Interestingly, 
the synthesis of complex 3 can be per-
formed in situ: all that is required is to mix 
the building blocks 1 and 2 in a 2:1 ratio 
in buffered aqueous solution; complex 3 
is then formed by self-assembly in nearly 
quantitative yield (Scheme 1).

It was observed that the fluorescence 
intensity of ligand 1 was strongly reduced 
by formation of macrocycle 3. This re-
duction was an expected effect, since 
the Ru(ii) centers are able to quench the 
fluorescence by electron transfer. Upon 
complexation of Li+, Ru-based 12-metal-
lacrown-3 complexes are more difficult to 
oxidize,[6k,j] and electron transfer is thus 
less effective. Consequently, an increase 
of the fluorescence intensity was observed 
when Li+ was present in the solution. An 
association constant of K

a
(Li+) = 7.4 (±0.6) 

102 M–1 was determined by fluorescence 
titration experiments. This affinity was 
sufficient for the detection of lithium ions 
in the low millimolar concentration range 
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Scheme 1. Self-
assembly of the lithium 
sensor 3 (shown in its 
deprotonated form), 
and Li+ uptake at the 
binding site.
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(Fig. 1). The sensor displayed a very good 
selectivity: even in the presence of a large 
excess of Na+ (up to 140 mM), a minimal 
increase in fluorescence was observed 
(less than 15%). The addition of K+, Ca2+, 
or Mg2+ gave negligible changes in fluo-
rescence. The sensor 3 could also be used 
to detect lithium in a more complex matrix 
as evidenced by Li+ sensing experiments in 
deproteinized human serum (Fig. 1).

Fig. 1. Emission intensity at 480 nm (excitation 
at 382 nm) for solutions containing complex 
3 (2.0 mM) and variable concentrations of 
LiCl. The data labeled with  were obtained 
in water (pH 8.0, phosphate buffer), whereas 
the data labeled with  were obtained in 
deproteinized serum.

Sensor Arrays for the Detection of 
Small Peptides[7]

The pattern-based recognition of bio-
analytes in solution represents an interest-
ing alternative to classical, target-selec-
tive chemosensors.[8,9] We have developed 
a sensor array, which allows the detection 
of small peptides at low micromolar con-
centrations.[7] The basic principle of our 
array is shown in Fig. 2. In each sensor, 
the peptide analyte and a fluorescent 
dye compete for the complexation to a 
metal complex ‘M’. Upon complexation 
to the metal, the fluorescence of the dye 
is quenched. The fluorescence intensity 
of the mixture can thus be correlated to 
the relative stability of the metal-dye and 
the metal-analyte complex. The array is 
composed of sensors with different dyes 
and metal complexes (shown in Fig. 2 is a 
minimal array with two dyes and two met-
al complexes). Each metal-dye combina-
tion is expected to give a slightly different 
response. Analysis of the overall response 
of the sensor array by pattern recognition 
protocols allows the analyte(s) to be iden-
tified.

For the construction of our array, we 
used three metal complexes ([RhCl

2
Cp*]

2
, 

[RuCl
2
(p-cymene)]

2
, and [PdCl

2
(en)]), 

and six fluorescent dyes (methyl calcein 
blue, calcein blue, calcein, nuclear fast 
red, N-methylanthranilic acid, and luma-
zine). The metal complexes were chosen 
because they are soluble and stable in 
water (even in the presence of air), they 
are able to quench the fluorescence of 
the dyes, and they display a high affin-
ity for the peptide analytes. All six dyes 
show a strong affinity for the metal com-
plexes (the association constants range 
from 104 M–1 to more than 107 M–1). The 
assays were performed as follows: buff-
ered aqueous solutions of the respective 
dye and the peptide were mixed and the 
competition reaction was then initiated by 
addition of a solution of the appropriate 
metal complex. The fluorescence intensi-
ty of the individual sensors was measured 
in a time-resolved fashion at 5, 20, and 
60 min. The resulting data was used as 
input for a pattern recognition analysis. 
We found that our system was able to dif-
ferentiate ten dipeptides at a concentra-
tion of 50  mM with high accuracy. De-
picted in Fig. 3 is a graphic representation 
of the results of a principal component 
analysis (PCA).[10] The experiments were 
performed in quadruplicate, and one can 
observe a good separation of the clusters 
representing the different peptide sam-
ples. Interestingly, the value of the first 
principal component (PC1) is correlated 

with the affinity of the peptide for the 
metal receptor. The weakly coordinating 
dipeptide Phe-Pro has a low value (PC1 = 
–5.22(0.05)) close to that of a blank sam-
ple without peptide (PC1 = –7.86(0.06)), 
whereas the peptides containing strongly 
coordinating His or Met residues appear 
with the highest values (His-Ala: PC1 = 
10.00(0.06); Met-Leu: PC1 = 9.78(0.12)). 
The statistical analysis permitted us to de-
termine which metal-dye combinations of 
our array were the most useful for the dis-
crimination of the dipeptides. Some of the 
sensors were found to be less important 
and a reduced version of the sensor ar-
ray with only six metal-dye combinations 
still gave a perfect discrimination of the 
ten dipeptides.

We have also investigated whether our 
reduced sensor array was able to work in a 
complex matrix such as deproteinized hu-
man serum. As analytes, we chose carno-
sine (β-alanyl-histidine) and homocarno-
sine (γ-aminobutyryl-histidine). The pres-
ence of these two very similar dipeptides 
in human blood is usually attributed to 
genetic disorders.[11] Different quantities 
of the dipeptides (0–100 mM) were mixed 
with serum solutions containing the re-
spective metal-dye combination. The flu-
orescence response was then recorded in 
a time-resolved fashion and the obtained 
data were used as the input for a PCA. 
The resulting score plot revealed that the 
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Fig. 2. Basic principle 
of a sensor array 
based on competition 
reactions of analytes 
and metal-dye 
complexes.

Fig. 3. A three-
dimensional PCA score 
plot showing clustering 
and separation of the 
dipeptide analytes at 
a concentration of 50 
mM.
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sensor array was able to distinguish car-
nosine from homocarnosine and to obtain 
information about the concentration of 
the dipeptide sample (Fig. 4).

Finally, we have demonstrated that the 
sensor array can be used to analyze mix-
tures of the nonapeptide bradykinin (BK) 
and decapeptide kallidin (Lys-bradykinin, 
KD). Six metal-dye combinations were 
found to be sufficient to discriminate solu-
tions containing various ratios of KD and 
BK (Fig. 5).

Conclusions

In the first part of this article we have 
described a very selective chemosensor for 
lithium ions.[1] The sensor can be obtained 
by self-assembly of a Ru(ii) half-sandwich 
complex and a modified 2,3-dihydroxy-
pyridine ligand. It acts as a fluorescence 
turn-on sensor, allowing the detection of 
lithium ions in the low millimolar con-
centration range, even in the presence of 
competing ions such as Na+. In the sec-
ond part of the article we have described 
cross-reactive sensor arrays, which can 
be constructed from commercially avail-
able fluorescent dyes and simple transition 
metal complexes.[7] The sensors display a 
remarkable analytical power: samples con-
taining low-micromolar concentrations of 
dipeptides can be identified with high ac-
curacy, and mixtures of the nonapeptide 
bradykinin and the decapeptide kallidin 
can be distinguished. Furthermore, the 
sensor can be used to obtain information 
about the identity and the quantity of the 
pharmacologically interesting dipeptides 

carnosine and homocarnosine in a complex 
biological matrix.
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Fig. 4. PCA score plot showing clustering 
and separation of serum solutions containing 
different concentrations of carnosine (C, filled 
symbols) and homocarnosine (HC, open 
symbols) at different concentrations: 25 mM 
(triangle), 50 mM (square), 75 mM (rhombus) 
and 100 mM (circle). The blank samples without 
peptide are represented by +. 

Fig. 5. PCA score plot showing clustering and 
separation of different mixtures of kallidin (K) 
and bradykinin (BK). [BK] = 50 – χ μM, [KD] = 
χ μM; χ = 0 (), 10 (v), 20 (), 30 (r), 40 (), 
and 50 ().The blank samples without peptide 
are represented by +.


