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Pyrylium-containing mesoporous materials have been used for

the chromo-fluorogenic sensing of biogenic amines in an

aqueous environment.

Biologically active amines are ubiquitous chemical compounds

that play an important role in many different areas. Depending on

their chemical composition and origin, basically two different

groups can be found. A major group are the so-called biogenic

amines that are formed in the normal metabolism of animals,

plants and micro-organisms via decarboxylation of the respective

amino acid through substrate-specific enzymatic reactions. The

formation of these biogenic amines is undesirable in foods and

beverages because they can induce headaches, respiratory distress,

heart palpitations and several allergenic disorders.1 Histamine is

the most toxic of the biogenic amines and the main cause of

scombroid poisoning by acting synergistically with other amines.

Thus, the level of biogenic amines in a food product is a quality

index and the development of easy-to-use determination protocols

is of interest. The second group are fatty amines such as

sphingosine (a fatty amine that carries two additional hydroxyl

groups in the polar head region) and its close metabolites that are

important cellular messengers and have a profound impact on

e.g. mitosis and apoptosis.2 Other fatty amines, that usually stem

form anthropogenic sources, are simple amines with a chain length

> C10 that find wide-spread application in corrosion inhibition,

asphalt emulsions or as petroleum additives and are well known

for their antifungal and disinfectant properties.3 Accordingly, the

toxicological role of the latter group of compounds has the largest

impact on aquatic organisms and, for instance in marine

foodstuffs, a combination of all these amines can be encountered.

All these amines are usually determined by chromatographic

methods. However, these techniques are costly and not suitable for

in situ sensing or rapid screening applications. An appealing

alternative is the use of selective chromo- or fluorogenic

chemosensors.4 In fact the development of highly selective probes

or indicators for small bio-molecules is still a barely studied field.

One such advanced goal is the development of selective probes

for real samples that would sense biogenic amines (first group, see

above) via a simple chromo-fluorogenic test but would ideally

remain silent in the presence of fatty amines (second group) and

amino acids (another prominent source of amino moieties).

To achieve this goal we focused our attention on pyrylium

compounds. As we and others have shown previously, such

heterocyclic ring systems react with amines to give the correspond-

ing pyridinium derivatives.5 Furthermore, pyrylium and the

respective pyridinium salts are strong electron acceptors so that

appropriate integration into a charge-transfer chromophore yields

deeplycoloureddyes thatabsorbandemit in theredspectral range.6

The compounds P1–P7 (pyrylium dyes) and M1–M7 (methyl-

pyridinium derivatives) (see Scheme 1) were prepared7 and

investigated to select the optimum combination of pyrylium–

methylpyridinium dye for the selective and sensitive detection of
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Scheme 1 (A) Compound library of pyrylium dyes spectroscopically

studied and tested as sensor molecules for biologically active amines. The

corresponding methylpyridinium derivatives M1–M7 with N+–CH3

instead of O+ have been also studied spectroscopically. (B) Synthesis of

solid P1–MS. (i) Hexamethyldisilizane, toluene, room temperature, 16 h,

(ii) POCl3 in DMF 1 h at 0 uC and then 3 h at 100 uC, (iii) 4-methyl-2,6-

diphenylpyrylium, MeCN, 80 uC, 16 h.
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the target analytes. While all the P dyes absorb at ca. 640 nm in

highly polar solvents, their different bridging patterns and

positions of the reactive oxygen atom were assumed to influence

selectivity. The decisive criterion for the M dyes, that serve as

models for the product of the sensing reaction between amine and

P dye, lies with signal output. Whereas the emission of differently

rigidized styryl dyes is commonly found at similar wavelengths,

their fluorescence yields often depend dramatically on the

flexibility of the p system.8 Spectroscopic studies of the dyes

revealed that three of the methylpyridinium dyes (M1, M2, M4)

show a reasonable fluorescence of 0.05 > Wf > 5 6 1023 in MeCN

in the red spectral range, at lmax y 660 nm.

However, concerning a unique preference for biologically active

amines, all the P dyes are rather unselective and thus not suitable

as molecular sensors. At room temperature, they react with

biogenic amines such as histamine, putrescine and cadaverine as

well as with decylamine (as a representative of large lipophilic

fatty amines) in mixed aqueous organic solutions (H2O : MeCN

90 : 10 v/v) at basic pH, but also with a number of natural amino

acids, especially glycine, tyrosine, histidine, cysteine and lysine. As

the best performance in this respect was found for P1 and since

M1 is among the most fluorescent M derivatives, the pair P1–M1

was selected for further improvement of the system.

A way to overcome a lack of selectivity is to enhance host–guest

interactions for the particular target analyte. Apart from the

traditional design of complex hosts with multiple binding sites,

enhanced selectivity can be obtained by coupling the probe to

nanoscopic inorganic solids. Here, the use of mesoporous solids is

highly suitable because, if properly functionalised, their rigid 3D

nanoscopic scaffold can behave as a biomimetic prototype of

‘‘binding pockets’’ of bio-molecules.9 Thus, to improve the

analytical performance of the couple P1–M1 we anchored P1

covalently to the inner walls of the hydrophobically functionalised

mesopores of a disordered MCM-41 type10 hybrid material

(Scheme 1).11

For comparison and to demonstrate the effect of the

functionalised ‘‘binding pockets’’ on the final selectivity observed,

two more systems were prepared; (i) the P1–FS solid containing

P1 probes anchored onto hydrophobized fumed silica (similar to

P1–MS but without the presence of mesopores) and (ii) a sensory

PVC-membrane containing the dye P1 and NPOE as plasticizer

(P1–PVC).12

The performance of these materials was tested in water at

pH 10.5 in the presence of biogenic amines and natural amino

acids as potential competitors. The reaction of the blue materials

(lmax = 650 nm) with histamine, putrescine and cadaverine resulted

in the evolution of a new band at 521 nm due to the formation of

the corresponding pyridinium derivative (colour modulation from

blue to red) within a few minutes for upper millimolar

concentrations. Although lower concentrations require longer

reaction times, the latter can be satisfactorily shortened by heating.

As an example, Fig. 1 shows a photograph of solid P1–MS in the

presence of amino acids and biogenic amines, whereas Fig. 2

shows the fluorometric sensing features that allow, using relatively

simple devices, a sensitive detection even at low biogenic amine

concentration when the chromo-fluorogenic reaction is only

partially completed. The emission of the reaction product can be

conveniently monitored in the red visible range, the relationship

between analyte concentration and response is linear, and the

combination of the sensory materials (here P1–MS) with

fluorometric detection is sufficiently sensitive to yield a limit of

detection of 5 6 1024 M of histamine.

As it is shown exemplarily in Fig. 1, there is a remarkably

selective response to biogenic amines, whereas P1–FS, P1–MS and

P1–PVC remain completely silent even in the presence of a very

large excess of amino acids. Especially the discrimination of

histamine over its closely related parent amino acid histidine and

other amino acids with nucleophilic residues (e.g. lysine and

cysteine) is a striking feature and clearly shows the improved

response of the prepared sensory materials when compared to that

of P1 in solution under similar conditions (see above). Apparently,

the confinement of the probe into hydrophobic systems protects

the anchored P1 molecules from a nucleophilic attack of charged

amino acids, i.e. hinders the amino acids to enter or approach the

hydrophobic environments, while the neutral amines can still react.

This discrimination of biogenic amines vs. amino acids is very

similar for the three sensory materials P1–FS, P1–MS and P1–

PVC. However, they behave differently if discrimination by size

and lipophilicity is considered. For instance, this differentiation is

evident from a comparison of the reactivity of the solids with

putrescine and a fatty amine such as n-decylamine. Here, P1–PVC

reacts faster with n-decylamine than with putrescine, whereas in

remarkable contrast the solid P1–MS displays a much faster

reactivity for putrescine than for n-decylamine (similar results were

obtained with histamine). This control in the selectivity can be seen

in Fig. 3 that shows the colour change (absorbance at 520 nm) in

the presence of 300 ppm of putrescine or n-decylamine in water for

the sensory materials P1–MS and P1–PVC. Finally, P1–FS

displays a rather similar reactivity for both amines (not shown).

This behaviour is tentatively attributed to the individual features

of the different solids. P1–PVC, a highly disordered material with

a large distribution of pore sizes, is clearly preferred by the fatty

amines due to the highest lipophilic character of the three hybrids.

P1–FS, conglomerates of high-surface nanoparticles with a

textural porosity, are largely indifferent toward the lipophilicity

of the guest. On the other hand, the size discrimination observed

Fig. 1 Photograph showing the colour change in P1–MS in the presence

of amino acids and biogenic amines. From left to right: no guest, glycine,

valine, leucine, phenylalanine, proline, tyrosine, arginine, tryptophan,

cysteine, lysine, histidine, histamine, putrescine and cadaverine. The final

solids filtered and suspended in ethylene glycol are shown.

Fig. 2 (A) Emission spectrum of the P1–MS–histamine reaction product

as measured for 0.01 mg mL21 solid suspended in ethylene glycol; lexc =

490 nm. (B) Corresponding calibration curve.
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for the MCM41-type P1–MS solid is based on the interplay

between the passivated surface that tends to prefer more

hydrophobic guests and the size of the ordered and rather uniform

pores that tend to discriminate by size. Furthermore, during the

course of an analysis, increasing reaction events will block the

entrances of the channels more effectively for long-chain amines.

These trends lead to the fact that amines with a medium-sized

alkylic or alkylarylic end group exhibit a much faster response

than the fatty amines. The combination of molecular concepts and

preorganized 3D solid state features thus display synergistic effects

that allow one to modulate simple hydrophobic discrimination

toward a more sophisticated differentiation by polarity and size.13

Motivated by the favourable response features of the sensory

materials, we tested the potential of P1–MS for the determination

of biogenic amines in realistic media, extracts of fish (Sparus

aurata) spiked with increasing amounts of histamine. In a typical

assay, 0.35 mL of an aqueous extract of S. aurata (obtained from

10 g of the fish ground up with 50 mL of water, heated and filtered

or centrifuged) at pH 10 were mixed with known amounts of

histamine and 1 mg of P1–MS. The gradual colorimetric

modulation was observed as a function of histamine concentration

(Fig. 4). This response, visible by the naked eye, from blue to

red-orange in a complex realistic sample medium suggests that

P1–MS, or similar systems, are promising optical sensors for the

rapid screening of toxic biogenic amines in target foods.

In summary, we have shown the rational development of

sensory materials for the chromo- and fluorogenic detection of

biogenic amines in complex liquid samples. The probe molecule is

a reactive pyrylium chromophore that is anchored into the inner

hydrophobic pores of a mesoporous siliceous support. The solid

P1–MS demonstrates that the combination of molecular concepts

and 3D solid state preorganized features (for instance confinement

in nanometric pores and hydrophobicity) might open new

attractive and synergistic hetero-supramolecular routes to

enhanced recognition/sensing protocols for species of interest.
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