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ABSTRACT

Supramolecular sensing is rather limited to charged analytes. This report describes a practicable assay for caffeine, which employs a competitive
“indicator-displacement” approach and allows detection by fluorescence. A simple analytical protocol is described that allows quantitation of
caffeine in beverages.

Caffeine (2) is among the mostly consumed alkaloidal shorter analysis times drives the development in these fields
compounds. Besides the traditional sources of caffeine  and initiated other spectroscopic approaéhasd the ap-
coffee, black tea, and green temowadays caffeinated bev- plication of molecularly imprinted polymers (MIPs) in
erages with increased levels of the alkaloid are gathering combination with quartz microbalancéSuch sensors are
larger shares among soft drinkgVhile caffeine is regarded  reusable and exhibit large applicable concentration ranges,
to be harmless for adults in general, there are severe concernbut they still cope with response times of about 10 min,
about unfavorable influences of caffeine on young children probably due to the bulk diffusion effects. Supramolecular
and pregnant women, including the risk of fetal deite chemists have devised several tailor-made chemoreceptors
stimulating effect of caffeine is not only exploited in nutrient that allow a designed interaction in solutibithe triphen-
technology but also in cosmetics and pharmaceuticals, whichylene ketal based compounds contributed by our group
accounts for the economic importance of this particular ad- exhibit the highest binding constants for caffefne.
ditive# The easiest access to the alkaloid is by extraction We recently described a novel assay for caffeine involving
from natural sources, which renders the caffeine content afluorescence spectroscopyThe interaction of caffeine and
key property for quality assurance.
For caffeine quantitation, chromatographic methods (HPLC, (4) A short review on applications and research about caffeine: Wald-

; X vogel, S. RAngew. Chem2003,115, 624—625Angew. Chem., Int. Ed.
LC, CE) are still regarded as state-of-the-art. The desire for 2003,42, 604—605. For an example of caffeinated cosmetics, see http://
www.caffeine-shampoo.com, 2005.
T Present address: Organisch-Chemisches Institut, Westf. Wilhelms-  (5) Recent examples for NIR spectroscopy on coffee and caffeine
Universitd Munster, Corrensstr. 40, 48149 Mlnster, Germany. tablets: Huck,C. W.; Guggenbichler, W.; Bonn, G. Knal. Chim. Acta
*Present address: Institut fiir Anorganische Chemie, Rheinische Friedrich- 2005 538 195-203. Laasonen, M.; Harmia-Pulkkinen, T.; Simard, C.;
Wilhelms-Universitat Bonn, Gerhard-Domagk-Str. 1, 53121 Bonn, Germany. R&saen, M.; Vuorela, HAnal. Chem2003,75, 754—760.

(1) Spiller, G. A.Caffeine; CRC Press LLC: Boca Ratdrf98. (6) Several groups have developed caffeine binding MIPs: Ebarvia, B.
(2) Parliment, T. H.; Ho, C.-T.; Schieberle, affeinated Beverages; S.; Sevilla, F., lll.Sensors Actuators B005,107, 782—790 (and earlier
American Chemical Society: Washington, 2000. works cited herein). Carter, S. R.; Rimmer, A&lv. Funct. Mater.2004,

(3) Discovery of a relation between coffee consumption and the risk of 14, 553—561 (and earlier works). Kobayashi, T.; Murawaki, Y.; Reddy, P.
fetal death (including discussions on earlier studies): Bech, B. H.; Nohr, S.; Abe, M.; Fujii, N.Anal. Chim. Acta2001,435, 141—-149. Lin, C. |.;
E. A,; Vaeth, M.; Henriksen, T. B.; Olsen, Am. J. Epidem2005,162, Joseph, A. K.; Chang, C. K.; Wang, Y. C.; Lee, Y. Bnal. Chim. Acta
983—-990. 2003,481, 175—-180.
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the receptod (Figure 1) yields a bathochromic shift as well
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Figure 1. Receptor and caffeine.

as an increase of quantum yield by 30% in the complex
(Figure 3;1/1).

For sensitivity improvement, the application of a competi-
tive guest was envisioned. The pioneering contributions by
Anslyn et al. promoted the development of such competitive
indicator displacement assaySince most of these assays
rely on ionic or covalent interactions as main binding force

and signaling pathway, the assays are commonly applicable

even in agueous media. However, like many other potential
analytes, caffeine binding is restricted to hydrogen bonding

(7) Ballester, P.; Barcelo, M. A.; Costa, A.; Deya, P. M.; Morey, J.;
Orell, M.; Hunter, C. ATetrahedron Lett200Q 41, 3849-3853. Goswami,

S.; Mahapatra, A. K.; Mukherjee, R. Chem. Soc., Perkin Trans 2001,
2717-2726. Fiammengo, R.; Crego-Calama, M.; Timmerman, P.; Rein-
houdt, D. N.Chem. Eur. J2003,9, 784—792. Anderson, P. C.; Mecozzi,
S.J. Am. Chem. So@005,127, 5290—5291.

(8) For synthetic aspects, see: (a) Waldvogel, S. R.; Wartini, A. R.;
Rasmussen, P. H.; Rebek, J., Detrahedron Lett1999,40, 3515—3518.

(b) Waldvogel, S. R.; Frohlich, R.; Schalley, C. Angew. Chem2000,
112, 2580—2583;Angew. Chem., Int. Ed2000, 39, 2472—2475. (c)
Waldvogel, S. R.; Mirk, D.Tetrahedron Lett2000,41, 4769—4772. (d)
Schopohl, M. C.; Faust, A.; Mirk, D.; Frohlich, R.; Kataeva, O.; Waldvogel,
S. R.Eur. J. Org. Chem2005, 2987-2999. For applications and analytics,
see: (e) Schopohl, M. C.; Siering, C.; Kataeva, O.; Waldvogel, ngew.
Chem.2003,115,2724—2727;,Angew. Chem., Int. EQ®003,42, 2620—
2623. (f) Siering, C.; Grimme, S.; Waldvogel, S. ®em. Eur. J2005,
11, 1877-1888. (g) Mirk, D.; Luftmann, H.; Waldvogel, S. R.
Naturforsch. 2005, 60b, 1077—1082.(h) Siering, C.; Beermann, B,;
Waldvogel, S. RSupramol. Chen2006,18, 23-27.

(9) Selected publications demonstrating the progress in the field: Metzger,
A.; Anslyn, E. V.Angew. Cheml998,110,682—684;Angew. Chem., Int.
Ed. 1998,649, 9-652. Lavigne, J. J.; Anslyn, E. \Angew. Chem1999,
111, 3903—3906Angew. Chem., Int. EA.999,111, 3666—3669. Zhu, L.;
Zhong, Z. L.; Anslyn, E. V.J. Am. Chem. SoQ005, 127, 4260—4269.
McCleskey, S. C.; Metzger, A.; Simmons, C. S.; Anslyn, ETtrahedron
2002,58, 621—-628. Selected recent examples: Kubo, Y.; Kobayashi, A.;
Ishida, T.; Misawa, Y.; James, T. @hem. Commur005, 2846—2848.
Zhao, J. Z.; James, T. @Chem. CommurR005, 1889—1891. Maue, M.;
Schrader, TAngew. Chem2005,117, 2305—2310Angew. Chem., Int.
Ed.2005,44, 2265-2270. On solid support: Comes, M.; Rodriguez-Lopez,
G.; Marcos, M. D.; Martinez-Manez, R.; Sancenon, F.; Soto, J.; Villaescusa,
L. A.; Amoros, P.; Beltran, DAngew. Chem2005 117, 2978-2982;
Angew. Chem., Int. EQR005,44, 2918—2922.

(10) The major contributions in this area focus on sugar recognition. A
general review: Davis, A. P.; Wareham, R.Ahgew. Chem1999,111,
3160—3179. Recent examples: Kral, V.; Rusin, O.; Schmidtchen, F. P.
Org. Lett.2001, 3, 873-875. Liao, J.-H.; Chen, C.-T.; Chou, H.-C.; Cheng,
C.-C.; Chou, P.-T.; Fang, J.-M.; Slanina, Z.; Chow, TOJg. Lett.2002,

4, 3107—3110. Kim, Y. H.; Hong, J. Angew. Chem2002,114, 3071—
3074;Angew. Chem., Int. EQR002,41, 2947—2950. Mazik, M.; Radunz,
W.; Sicking, W.Org. Lett.2002,4, 4579—4582. Welti, R.; Diederich, F.
Helv. Chim. Acta2003,86, 494—503. Ladomenou, K.; Bonar-Law, R. P.
Chem. Commurk002, 2108—2109. Klein, E.; Crump, M. P.; Davis, A. P.
Angew. Chen005 117, 302-306; Angew. Chem., Int. EQO05 44, 298~
302.
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as the key interaction. This may account for the small number
of fluorescent chemosensors for such compoudhésirther-
more, it limits the number of appropriate solvents: We
restrict our investigations to Gi&l,, since it delivers good
solubility for both receptor and caffeirté.

The synthesis of the labeled guest is very straightforward.
By simple alkylation, the spacer is attached at N-7 of theo-
phylline (3) (Scheme 1). The@-amino moiety is introduced

Scheme 1. Synthesis of the Labeled GueBsBNF
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by reaction of the alkyl bromide with azide and subsequent
catalytic hydrogenation. The most suitable fluorophore is
obtained by attachment of the commercially readily available
7-chloro-4-nitrobenzofurazarié.

In presence of toluene, this compound vyields dark red
crystals that were analyzed by X-ray analysis (Figure 2). In

{t_t -
WV 4~

09 208+

Figure 2. Molecular structure oT 6BNF with intercalated toluene
by X-ray analysis.

this structure, both heterocyclic moieties are arranged in a
coplanar fashion in a distance of approximately 7 A. This
gap is filled with a toluene molecule, but when bound to the

(11) Other analytes (e.g., urea): Bell, T. W.; Hou, Z.; Luo, Y.; Drew,
M. G. B.; Chapoteau, E.; Czech, B. P.; Kumar,Jciencel 995,269,671 —
674. Bell, T. W.; Hou, ZAngew. Chem1997,109, 1601—-1603;Angew.
Chem., Int. Ed1997, 36 1536-1538. d'Souza, F.; Deviprasad, G. R.; Hsieh,
Y.-Y. Chem. Commurl997 533-534. Goswami, S.; Mukherjee, R.; Ray,
J. Org. Lett.2005,7, 1283—1285.
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s occur generally when a xanthine compound binds the recep-

tor. The absence of this shift upon additionTGBNF and

the signal reduction indicate the presence of a quenching
mechanism: As soon as the receptor bindST6BNF, its
fluorescence is quenchethost likely by a FRET mechanism
(Figure 3,llI). Caffeine competes with the labeled guest for
the receptor and yields the fluorescent complexvhich
causes both signal augmentation and bathochromic shift in

\3 receptor v label

Il trialkylxanthine G energy transfer (quenching) the spectrum.
Figure 3. Effects on fluorescence upon binding of recepitdt) A linear Sterr-Volmer plot further underlines the quench-
to caffeine (I) and a competitive guest with a quenching latiél)( ing hypothesis. The size of the Sterviolmer constantisy)

Note that inlll no emission from the receptor is observed. Colors

T =SS of 87000 M tindicates a static quenching mechanism, since
are used to visualize different wavelengths.

these values cannot be caused by diffusion at the given con-
centrations® Thus, Ksy represents the binding constant.
Compared to caffeine, the number is slightly elevated
(NMR: 36500 M), which might be due to the additional
attractive interactions with the benzofurazyl moiety under-

receptor, a 2-foldr-stacking with the triphenylene unit could
slightly increase the affinity and the spectral interactitns.

The beneficial spectroscopic propertiesT@NF allow lined by NMR spectroscopic data.
an independent monitoring of the individual fluorescence

. . . The xanthinyl unit is a prerequisite for this static quench-
signals of guest and host, respectively (see the Supportlnging. This is demonstrated by mixing the receptor ABNF
Information). Excitation of the receptor is optimal at '

352 . b i f the labeled N h which only consists of a butyl chain and the fluorescent mar-
< M since absorption o Ine 1abeled guest Teacnes g, the decrease in fluorescence is now significantly smaller
minimum at this wavelength.

and follows linearly the concentration 4BNF.Y” Therefore,
The fluorescence spectrum DBBNF reveals abroad band i effect is attributed to absorption by the slightly colored

around 520 nm which experiences a red-shift upon addition benzofurazyl system. Since the UV spectrad@NF and

of the receptot? Addition of caffeine to this mixture results  16BNE are very similar in the relevant range (>330 nm)

in a blue shift, while a control experiment in the absence of e contribution of absorption to the total decline can be

receptor does not. A pronounced effect is observed for the octimated to make up 3% and 16% after mixing the receptor
fluorescence of the receptor: Addition of only 8 equiv of \,:ith 1 and 2 equiv off6BNF, respectively.

T6BNF reduces the fluorescence by 80% (Figure 4). This  1he peneficial competitiveness of the assay is demon-
strated by comparing the capacity of the systems (Figure 5).
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Figure 4. Decrease of fluorescence intensity upon addition of c2)/yM —

labeledT6BNF to receptorl; ¢(1) = 104M. Dilution effects were Figure 5. Signal increase is more pronounced in the competitive

neglected since the total volume varied ¥¥% over the course _ :
: . h : ; protocols (c(T6BNF)= 110um (a)/50 um (@)) than in absence
of the experiment. Inset: Fluorescence intensity as a function of of the quencher.m). c(1) = 10 um, c(2) ~ 5 um. Furthermore,

C(TGBNF). the capacity is significantly higher.

effect is reversed upon addition of caffeine. Furthermore, a Whereas titration of the pure receptor with caffeine rapidly
bathochromic shift by 5 nm is observed. The latter seems toreaches saturation, the competitive approach still provides
distinct signal changes over a broad range of concentrations.

(12) Caffeine solutions in CHCl, are obtained during economically
important decaffeination processes, and we will demonstrate later how to  (13) We also tested the dansyl and fluoresceinyl moiety. Synthesis of

easily exchange water with GBI, in “real life” samples. CHCI; is used (9-anthranyl)methylidenes proved to be very challenging. The benzofurazyl
in direct and “indirect” decaffeination methods. Other solvents for extraction modified compounds stand out in terms of solubility and superior spec-
are ethyl acetate, water, and scOee also: http://www.ico.org. troscopic properties and are consequently the only probes discussed herein.
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An increasing fluorescence of6BNF-1 upon adding a simple solid-phase extraction (SPE) using reversed-phase
alcohols and DMF underlines the importance of hydrogen materials corresponding more to a filtration than to a
bonding for the stability of the complex. Thus, compounds chromatographic separatidhAfter adjustment of the vol-
with comparable hydrogen-bonding acceptors were the focusume, the eluate was directly used for caffeine determination
of selectivity experiments, among them barbituric aeljl ( and gave correct values in a range of 50—300 mg/L. The
and a cyanuric acid derivative, benzimidazol&3, (and coffee sample was prepared by filtration over a polyamide
phenolic compounds (Figure 6). The latter were included, phase. After extraction of the aqueous eluate withClK
the organic phase was used for quantitation. The caffeine
content was determined to be 585 mg/L which is in good
accordance with the reference values determined by HPLC.

‘\_\ 2 COOH Recovery rates in all double measurements were in the range
HNQNOZ /©N of 91-114%, whereas most cases gave even better agree-
N N HO o ment.
o - By combination of receptat with TEBNF as competitive
4BNF 3 guest, the first practicable chemosensor assay for caffeine
was developed. If bound to the recepto6BNF quenches
o ) efficiently the fluorescence of the triphenylene fluorophore.
HN)LNH QN Displacement of this labeled guest by caffeine leads to a
o o N/) signal increase by a factor up to four and creates a reliable
. s and fast way for the determination of caffeine content in

Figure 6. Selected, alternative guest molecules. For a full list of beverages. The assay can be applied over a broad range of

guests employed in the selectivity study, refer to the Supporting COncentrations. However, this system represents a powerful
Information. chemosensor for a difficult, neutral medicinally and techni-

cally highly relevant analyte.

since they are a major constituent of coffee beverdges. Acknowledgment. These investigations were supported
Except for ferulic acid §), which interferes by its own by German Research Council (DFG/Wal 1278, SFB 624).
fluorescence, none of the examined compounds gave aC.S. thanks Bernd Schwarz, Institute of Food Chemistry,
pronounced interferencé. Mnster for the support in questions of food analytics.
As proof of principle, we determined the caffeine content

in caffeinated soft drinks and a coffee beverage. Although  Supporting Information Available: - Synthetic procedures
the selectivity of the system is promising, a brief sample and characterization data f8r4 andT6BNF, NMR binding
preparation proved helpful when analyzing these samples.studies, fluorescence binding studies WABNF, T6BNF,

For the soft-drinks, matrix reduction and exchange of the solvent effects, selectivity studies and detailed analytical

solvent (water—~ CH,Cl,) was achieved simultaneously by ~Protocols. This material is available free of charge via the
Internet at http://pubs.acs.org.

(14) Single crystals appropriate for X-ray analysis of recegtovith
T6BNF could not be obtained. However, molecular modeling supports this OL0603110

hypothesis.
(15) Note that the receptor neither absorbs nor emits in this wavelength  (18) Ferulic acid can be easily removed during sample preparation (vide
range. infra).

(16) Titrations conducted at different temperatures with a different (19) SPE is a common sample preparation technique which is easily
receptor (R= menthyl) revealed that increasing the temperature leads to parallelized and available as automated application. The application of the
lower Ksy. This is typical for static quenching processes. column takes less than 1 min (excluding equilibration and drying times). A

(17) In the UV, 4BNF differs from T6BNF solely by the lack of the fractionated collection of the eluate is not required. SPE is also commonly
short-wavelengths trialkylxanthine bands. Since the analysis is performed used for raising the sample concentration and could be applied for the
at significantly higher wavelengths, this should not cause interferences. transfer of this method to trace analyses.
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