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The phosphorescence intensity of unilamellar DOPC vesicles 
with embedded Tb3+- cholate complexes depends on the 
concentration of dihydroxynaphthalene (DHN) as sensitizer 
in solution. This was used to monitor the enzymatic con-10 

version of DHN esters or DHN glucosides by enzymes in 
aqueous buffered solution. 

Cholic acids are known to aggregate in the presence of trivalent 
lanthanide ions resulting in three dimensional networks of 
hydrogels.1 Such gels have found applications as optical 15 

materials,1a; 1b; 2 in the preparation of nanoparticles,1c; 3 as 
confined reaction media4 and in the detection of analytes.5 The 
lanthanide luminescence of hydrogels prepared from sodium 
cholate and terbium(III) salt is sensitized by 2,3-
dihydroxynaphthalene (DHN). Only the dihydroxy compound 20 

coordinates to the Tb3+ ion and acts as sensitizer, but not DHN 
ester or acetal derivatives.1a This observation has been used to 
monitor the enzymatic conversion of carboxy esters or the 
monoglucoside of DHN by changes in the phosphorescence 
intensity avoiding interference with background fluorescence.6; 7 25 

The luminescent gel indicator is readily prepared by self-
assembly of all components in aqueous buffer, but the three 
dimensional gel limits the diffusion and the enzymes have to be 
added during gel preparation. Therefore we transferred this 

detection mechanism from hydrogels to the membrane of small 30 

unilamellar vesicles (Scheme 1). Functionalized lipid bilayers 
have been previously used in enzyme assays8 or as luminescent 
indicators.9 
A vesicular solution of DOPC (5 mM) in HEPES buffer (25 mM, 
pH 7.4), was prepared by extrusion in the presence of a 35 

submicellar concentration‡ of cholic acid (0.75 mM). The cholic 
acid will phase separate in the DOPC membrane and added 
TbCl3*6 H2O (0.25 mM) coordinates to the membrane embedded 
bile salts. Alternatively, a post functionalization of DOPC 
vesicles by bile salts and Tb(III) is possible, when the 40 

components are added to buffered DOPC vesicle solutions. We 
assume the formation of membrane anchored terbium(III)-
complex domains. The resulting vesicle solutions are 
homogeneous, stable and monodisperse. 
Next, DHN (12.5 µM) was added to the aqueous vesicle solution 45 

Vs1 (C(DOPC) = 5 mM, C(Chol) = 0.75 mM). Excitation of the 
mixture at 335 nm gave a significant terbium luminescence with 
an emission maximum at 545 nm (Scheme 2). Previous studies 
have shown that the DHN sensitization of the lanthanide emission 
requires a rigid gel matrix.1a; 5a The strong increase of terbium 50 

luminescence in the vesicle membrane therefore indicates that the 
Tb3+-cholate patches might have gel like properties.

 
Scheme 1 Self assembly of amphiphiles (DOPC) and cholates in aqueous solution yields gel‐functionalized small unilamellar vesicles after extrusion. The 
addition of dihydroxynaphthalene (DHN), which is coordinating to the metal complex, sensitizes the Tb

3+
‐ luminescence. 55 
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Scheme  2  Excitation  of  DHN  at  335  nm  in  a  cholate  doped  vesicle 
solution  results  in  a  strong  Tb

3+
‐  phosphorescence  emission  (green); 

without sensitizer (blue) the terbium luminescence is weak; no emission 
is detected for cholate‐vesicles (red). 5 

The presence of cholic acid, DHN and terbium (III) salts as 
membrane additives is essential to observe the lanthanide 
emission (Scheme 2), which was confirmed by different DOPC 
vesicle solutions (Vs2: C(DOPC) = 5 mM, Vs1: C(DOPC) = 5 mM, 
C(Chol) = 0.75 mM, Vs3: C(DOPC) = 5 mM, C(Chol) = 0.75 mM, 10 

C(Tb
3+

) = 0.25 mM, C(DHN) = 12.5 µM) and post functionalized 
DOPC vesicles (Vs3p: C(DOPC) = 5 mM, C(Chol) = 0.75 mM, 
C(Tb

3+
) = 0.25 mM, C(DHN) = 12.5 µM). Dynamic light scattering 

(DLS) confirmed a monodisperse narrow size distribution around 
110 nm for all samples. In contrast, solutions of cholate 15 

monomers (0.75 mM) in HEPES buffer (25 mM, pH 7.4) or 
CHCl3 showed a broad size distribution and polydispersity (see 
SI for data). The embedding of the luminescent cholic acid – 
terbium complexes in the vesicle membrane was confirmed by 
fluorescence anisotropy: The terbium complex, excited by DHN 20 

(12.5 µM) at 335 nm, and bound to cholic acid doped vesicles 
Vs4 (c(DOPC) = 5 mM, c(Chol) = 0.75 mM, c(Tb

3+
) = 0.25 mM) 

showed a fluorescence anisotropy, detected at 550 nm, which is 
about 8 times higher than for terbium in aqueous cholic acid 
solution (C(Chol) = 0.75 mM, C(Tb

3+
) = 0.25 mM, 25 

C(DHN) = 12.5 µM). Higher anisotropy values detected at 380 nm 
of DHN (12.5 µM) in the presence of Vs4 compared to aqueous 
cholate solution indicated the coordination of DHN to 
terbium(III) ions at the surface of vesicle Vs4 (see SI for data). 
Since DHN derivatives lacking free hydroxy groups for metal 30 

coordination, do not sensitize the terbium(III) emission, reactions 
converting DHN derivatives into DHN can be easily monitored 
by the functionalized vesicles. Lipase (candida rugosa, 2.5 U/mg, 
50 mg/L) was added to the aqueous vesicle solution Vs1 (c(DOPC) 
= 5 mM, c(Chol) = 0.75 mM) with added TbCl3 * 6 H2O (0.25 35 

mM) and naphthalene- 2,3,-diyl dihexanoate (DHNdhn, 12.5 µM) 

or naphthalene-2,3-diyl diacetate (DHNdac). The enzymatic ester 
cleavage of DHNdhn into DHN leads to an increase of the vesicle 
luminescence intensity tracing the reaction (Scheme 3 and 4). 3-
Hydroxynaphthalene-2-yl--glucoside (DHNglu) was likewise 40 

used to monitor the enzymatic activity of -glucosidase (from 
almonds, 6.5 U/mg, 50 mg/L). 

 
Scheme  3  Lipase  conversion  of  naphthalene‐2,3‐dihydroxyesters 
(12.5 µM)  into DHN  leads  to  an  increase of  the  terbium  luminescence 45 

intensity. 

 Scheme 4 Luminescence intensity of Vs4 (c(DOPC) = 5 mM, 
c(Chol) = 0.75 mM, c(Tb

3+
) = 0.25 mM) is increasing in the presence 

of DHNdhn (12.5 µM) and lipase (50 mg/L) over 24h. 50 

 
To confirm that the emission intensity change during the reaction 
correlates with the amount of produced DHN, we monitored the 
enzymatic conversion by HPLC in the absence of vesicles. The 
initial rate constants for the esterase activity of lipase derived 55 

from the emission intensity increase or the HPLC analysis of 
produced DHN were comparable with 1.3 x 10-8 and 1.9 x 10-8 
mmol/min, respectively, (see IS for data).‡‡ A detection limit of 
0.5 mg/L for lipase activity was determined for the assay using a 
24 h incubation time, which significantly improved compared to 60 

the previously used hydrogels that required 900 mg/L.5a 
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In conclusion, we have embedded terbium – cholate aggregates 
into the membrane of 100 nm unilamellar DOPC vesicles. 
Dihydroxynaphthaline coordinates to the complexes at the 5 

membrane-water interface and sensitizes the terbium 
phosphorescence. As the concentration of free dihydroxy-
naphthaline in the aqueous solution correlates with the terbium 
phosphorescence intensity, enzymatic reactions of dihydroxy-
naphthaline esters and glycosides can be monitored in buffered 10 

aqueous solution. The phosphorescent vesicular indicator is easily 
prepared by self-assembly and many DHN derivatives as pro-
sensitizers can be envisaged that are suitable substrates for a 
variety of enzymes. The detection principle may therefore find 
application as a facile luminescent on-line monitoring of 15 

enzymatic activity.  
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