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Abstract

There is an increasing need for developing simple assay formats for biomedical screening purposes. Assays on cell membranes have become important in studies of receptor−ligand interactions and signal pathways. Here luminescence energy transfer was studied on liposomes containing europium ion chelated to 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione and trioctylphoshine oxide. Energy transfer efficiency was characterized with biotin–streptavidin interaction and a model assay concept for a homogeneous time-resolved luminescence resonance energy transfer (LRET) assay was developed. Acceptor-labelled streptavidin was bound to biotinylated lipids on the liposomes leading to close proximity of the LRET pair. The liposome-based LRET assay was optimized for dye incorporation and concentration, biotinylation degree, liposome size and kinetics. Sensitivity for a competitive biotin assay was at picomolar range with a coefficient of variation from 7 to 20 %. The lipid membrane based assay was feasible with high sensitivity in separation free LRET assay concept indicating that the assay principle can potentially be used for biologically more relevant target molecules.  
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Introduction
Luminescence resonance energy transfer (LRET) has become a routine technology in sampling biological events. Fluorescence energy transfer has been used in immunoassays since 1976, when Ullman et al. demonstrated an assay for proteins and haptens by utilizing a fluorescein labelled morphine and rhodamine labelled antibodies [1]. Dyes and assays have been further developed to obtain optimal spectral characteristics and more efficient energy transfer. Resonance energy transfer is commonly exploited in real-time PCR [2], studies of molecular dynamics in cells [3,4] and immunoassays [5,6]. The advantage of using lanthanide chelates in time-resolved fluorometry is related to their long fluorescent lifetime in comparison to average background luminescence caused by autoluminescence, rapidly decaying luminescence and scattering [7,8]. This allows for orders of magnitude higher detection sensitivity compared to conventional fluorescence. Lanthanide chelates have been successfully applied in LRET assays enabling large Förster distances in time resolved detection mode [9]. Today lanthanide based resonance energy transfer assays are widely used for screening purposes in drug development [10,11].
Liposomes are useful models for mimicing natural membranes [12]. Biocompatible surface, adjustable size and modifiable surface properties make them useful in diagnostics as both in vivo and in vitro applications [13,14,15]. Liposomes consist of a lipid bilayer surrounding an aqueous core compartment. The bilayer has polar surfaces on the inner and outer faces and the inner bilayer is non-polar. The hydrophobic bilayer core provides a favourable environment for entrapping hydrophobic molecules and proteins while the liposome interior serves as a location for hydrophilic molecules [14,16,17]. This enables simple strategies for labelling of liposomes with dyes for assay purposes. In the past, europium (Eu3+) ions have been embedded into liposome interior when chelated with diethylenetriaminepentaacetic acid (DTPA) [18]. Lanthanide complexes using hydrophobic chelating fatty acids or lipids have also been used [19-21]. Membranes can be labelled with fluorescent probes through covalent lipid coupling [22]. Okabayashi and Ikeuchi [23] have performed nonspecific labelling of liposomes with a fluorescent Eu3+ chelator donor and studied LRET assay with surface bound acceptor molecules. In their study, streptavidin was bound to liposomes and acceptor-labelled biotin was allowed to compete with soluble biotin.
In this study a fluorescent Eu3+ chelate was incorporated into liposomes and used as a donor (D) in a LRET assay. Eu3+ was chelated with 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione (NTA) and trioctylphoshine oxide (TOPO) in order to increase absorptivity and quantum yield as well as hydrophobicity and interaction of the donor with the liposome membrane [8,24]. In addition, biotinylated lipids were incorporated into liposomes to promote proximity binding of Alexa Fluor® 680 labelled streptavidin (SA-Alexa) to Eu3+ chelate donors (Fig. 1). Competitive binding of soluble biotin was used to demonstrate the feasibility of the model assay system. The study suggests that the developed method may potentially be useful for biologically relevant membrane-based targets.
Materials and Methods

Materials

Negatively charged or neutral lipids (1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt) (Biotin-cap-DPPE), L-α-phosphatidylcholine (egg PC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-1-glycerol] (sodium salt) (POPG)) were purchased from Avanti Polar Lipids (Alabaster, AL) and positively charged (1,2-dioleoyl-3-trimethylammoniumpropane, chloride (DOTAP) and dimethyldioctadecylammoniumbromide (DDAB)) from Toronto Research Chemicals Inc. (North York, Canada) and Sigma-Aldrich (Munich, Germany), respectively. Whatman® Nuclepore Track Etch polycarbonate membranes (pore sizes 50, 100 or 200 nm) for liposome extrusion were obtained from Schleicher & Schuell (Dassel, Germany). 
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 was from Alfa Aesar (Karlsruhe, Germany), 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione (NTA) from Acros Organics (Geel, Belgium), trioctylphoshine oxide (TOPO) from Aldrich (Munich, Germany). Streptavidin was obtained from BioSPA (Milan, Italy). Alexa Fluor® 680 carboxylic acid, succinimidyl ester was purchased from Molecular Probes, Inc. (Eugene, Oregon). High purity MilliQ water was used to prepare all aqueous solutions and liposome suspensions. 
Instrumentation

Luminescence emission intensities of Eu3+ chelate liposomes were measured in a 400 µs window after 400 µs delay time with the Victor2 multilabel counter (Wallac, Perkin-Elmer Life and Analytical Sciences, Turku, Finland) using 340 nm excitation and 615 nm emission wavelengths. LRET Alexa Fluor® 680 emission was detected at 730 nm with a modified Delfia 1234 Fluorometer (Wallac, Perkin-Elmer Life Sciences, Turku, Finland) as described elsewhere [25]. The excitation wavelength was 340 nm, the delay time was 75 μs and the counting window was 50 μs. 

Spectral measurements were made using Cary Eclipse spectrofluorometer (Varian Inc., Palo Alto, CA, USA) at the excitation wavelength of 338 nm. The delay time was 100 μs and the counting window 900 μs. Emission and excitation slit widths were 2.5 and 10 nm, respectively.
The tip sonicator for liposome preparation was from Branson (Branson Sonifier 450,
Geneve, Switzerland). Liposome extrusion was performed with a Lipextruder (Lipex Biomembranes, Inc., Vancouver, Canada) through two polycarbonate membranes (Whatman, Nuclepore Track Etch Membrane, pore sizes 50, 100 or 200 nm) on top of each other. The size of liposomes was measured with Beckman Coulter N4 PLUS Sub-Micron Size Analyzer (Beckman Coulter, Fullerton, CA) before dye incorporation. This determination was repeated for liposomes extruded through 100 nm pore size filters after the dye incorporation. 

Preparation of Biotinylated Liposomes
In order to prepare multilamellar vesicles, lipid components were mixed in varying amounts and dissolved in dichloromethane. Dichloromethane was evaporated under nitrogen stream in a glass tube. The dried lipids were left in a vacuum desiccator for at least 30 minutes to complete the removal of the organic solvent. Thereafter the lipids were mixed with water and sonicated briefly. The multilamellar vesicles were extruded ten times through two polycarbonate membranes above the gel–liquid crystal phase transition temperature of the lipids to obtain unilamellar vesicles with uniform size. The lipid concentration in the prepared suspensions used was 0.50 mM. Different mole fractions of Biotin-cap-DPPE were used in liposome preparation (x(Biotin-cap-DPPE) = 0.00010, 0.0010, 0.010, 0.050 and 0.10). Lipid concentration of 1.0 mM corresponded to 39, 9.6 or 2.4 nM liposome concentration for diameters 50, 100 or 200 nm, respectively.
Incorporation of Eu3+ Chelate into Liposome Membrane

Incorporation of the donor dye was carried out before or after liposome extrusion. Before liposome extrusion: EuCl3:NTA:TOPO (x(NTA) = x(TOPO) = 3∙x(EuCl3)) was mixed with the chloroform solution of the lipids before evaporation. The final liposome and EuCl3 concentrations after extrusion were 4.8 nM and 0.80 mM, respectively. After liposome extrusion: 1.0 μl of EuCl3:NTA:TOPO in DMSO (the concentrations of the components EuCl3, NTA and TOPO were c(EuCl3) = 20 mM in all measurements and c(NTA) = c(TOPO) = 60 mM but varied in chelate optimization) was mixed with 170 μl of liposome suspension for 30 min. In both methods, the free chelate was separated from Eu3+ chelate labelled liposomes by gel filtration using NAP5 or NAP10 columns (Amersham Biosciences, Uppsala, Sweden). In all tests performed, dye incorporation was carried out after extrusion unless otherwise stated.
Labelling of Streptavidin with Acceptor Dye Alexa Fluor® 680

Alexa Fluor® 680 carboxylic acid, succinimidyl ester was conjugated to amino groups of streptavidin. The dye was dissolved in dimethylformamide:water (50:50 volume-to-volume ratio, 1.6 mM) and 10 µl of this solution was added to 90 µl of 80 mM carbonate buffer pH 9 containing 95 µM streptavidin. The reaction mixture was incubated for 45 minutes at room temperature. Thereafter the conjugates were purified from unreacted dye by size-exclusion chromatography using NAP5 and NAP10 column and 100 mM phosphate buffer pH 7.4 as an eluent.

Competitive Biotin Assay 
The competitive biotin assay was optimized for donor dye composition, liposome size (50, 100 or 200 nm in diameter), SA-Alexa concentration (3.3 pM-33 nM), incubation time (0-150 min) and liposome biotinylation degree (mole fraction of Biotin-cap-DPPE 0.00010-0.10). If not otherwise stated the assays were performed in a microcentrifuge tubes in a total volume of 120 µl containing 52 to 830 amol liposomes, 0.72 to 7.2 ng SA-Alexa and varying concentration of biotin in 100 mM phosphate buffer pH 7.4, 10 mM KCl at room temperature. Sensitized time-resolved fluorescence signals were measured after transferring 50 μl of the solution into polystyrene microtitration wells. Signal-to-background measurements were performed between 0 and 0.83 μM biotin.
Results and Discussion
Liposome Characterization
Lipid based LRET was studied using different lipid composition in order to achieve high donor dye content in liposomes for optimal LRET assay. Negatively and positively charged as well as saturated and unsaturated lipids were investigated – egg PC, POPG, DPPC, DOTAP and DDAB. Eu3+ signals for diluted DPPC, egg PC and POPG liposomes containing 0.050 mole fraction of Biotin-cap-DPPE were 2.1 ( 106, 2.4 ( 106 and 0.16 ( 106, respectively. Signals for the positively charged liposomes (DOTAP and DDAB) were insignificant, which can be explained by the repulsive electrostatic forces between the dye and the lipid. The surface charge of the zwitterionic DPPC liposomes was close to neutral making this lipid suitable for Eu3+ chelate incorporation in order to minimize interactions between charged molecules [26]. This differed from the labelling strategy of Marchi-Artzner et al., who first incorporated the ligand and Eu3+ was chelated with lipids after ligand partitioning [27]. By incorporating the lanthanide ion as a chelate less aggregation of liposomes was expected to be found due to weaker interaction of Eu3+ with liposomes in a chelated form than as a free ion. Low aggregation tendency of a chelate has been demonstrated earlier with citrate and DTPA complexes of Eu3+ with liposomes [28,29]. The highest efficiency for dye incorporation into liposomes was measured for DPPC and egg PC forming nearly neutrally charged liposomes. 
We chose a DPPC:Biotin-cap-DPPE lipid composition to demonstrate the suitability of liposome based energy transfer assay system. DPPC formed the basic structure of the liposome, which was doped with Biotin-cap-DPPE (x(Biotin-cap-DPPE) = 0.050). Biotinylated lipid with a spacer arm was chosen to reduce steric hindrances [30]. In order to obtain optimal energy transfer signal, the method of incorporation and the concentration of Eu3+, NTA and TOPO were studied. The complex was incorporated into liposomes before and after extrusion. Since we did not observe any difference between the methods in Eu3+ signal levels or in signal-to-background ratios of LRET assays, liposomes were labelled after extrusion in subsequent studies. The liposomes were labelled with different ratios of Eu3+, NTA and TOPO. After labelling, the labelled liposome was separated from free Eu3+:NTA:TOPO chelate with gel filtration to obtain Eu3+ signals from liposome bound chelate and reduce LRET background signal. Eu3+ concentration of 20 mM gave consistently high LRET signal and saturation of LRET signal was observed. The Eu3+ signal increased as the amount of NTA or TOPO increased in relation to Eu3+ concentration (Fig. 2a). Eu3+ is reported to be chelated to two or three β-diketone ligands [31,32] and the coordination is completed to hepta-, octa- or enneacoordinated by Lewis base synergic reagents. The highest Eu3+ signals were reached with the ratios of 1:3:3, 1:6:6 and 1:6:3 for Eu3+:NTA:TOPO, respectively. In energy transfer measurements, the highest signal-to-background ratios were obtained with the same molar ratios (Fig. 2b). Eu3+:NTA:TOPO ratio of 1:3:3 corresponded to the Eu3+ coordination number and gave consistent results. Therefore, this donor composition was used in further studies. 
The amount of Eu3+ chelate in DPPC liposomes was practically independent of the mole fraction of biotinylated lipid Biotin-cap-DPPE (data not shown). This gave an opportunity to develop a LRET assay for biotin without losing the degree of donor labelling at varying biotin mole fraction or at different concentration of soluble biotin. The signal-to-background ratio as a function of Biotin-cap-DPPE mole fraction in the LRET assay is shown in Fig. 3 at constant SA-Alexa concentration. The signal was indistinguishable from the background signal below Biotin-cap-DPPE mole fraction of 0.001. There was a sharp increase in signal-to-background ratio as the mole fraction of Biotin-cap-DPPE increased above 0.01 and the maximum was reached at approximately 0.03. If one assumes that a lipid covers an area of 0.55 nm2 in a liposome, streptavidin has an area of 25 nm2 [33] and one streptavidin binds to one biotin on the surface of liposome, the critical mole fraction of Biotin-cap-DPPE was calculated to be 0.02. Jung et al. have reported that two biotins per one streptavidin was required for maximum binding of streptavidin onto biotinylated planar surface [34]. Jung et al. and Pérez-Luna et al. have reported that maximum binding occurs at about 0.10-0.15 mole fraction of Biotin-cap-DPPE on self-assembled monolayers [34,35]. The maximum binding of streptavidin onto biotin containing Langmuir​−Schaefer lipid monolayer has been shown to occur at Biotin-cap-DPPE mole fraction of 0.05 [36]. These findings are well in accordance with our data and calculation.
The size of Biotin-cap-DPPE:DPPC liposomes were measured using a photon correlation approach. According to the intensity analysis average size of 66, 90 and 147 nm for liposomes were obtained by extrusion through 50, 100 or 200 nm pore size filters, respectively. The size determination was repeated for liposomes extruded through 100 nm pore size filters after the dye incorporation. The liposomes retained the size (99 nm) well after labelling. 

Spectral and Lifetime Characterization

Emission spectra revealed successful energy transfer from Eu3+ chelate to SA-Alexa (Fig. 4). Both donor and acceptor emitted at the local emission maximum of approximately 700 nm. However, the emission band of the Alexa dye was broader than that of the Eu3+ chelate. Thus the energy transfer signal was clearly distinguished from the Eu3+ chelate background signal at the detection wavelength of 730 nm. Reduction of Eu3+ chelate luminescence signal in a solution containing acceptor gave a further proof of successful energy transfer (5d->7f , 614 nm, Fig. 4, insert). 
We measured emission decay times from the energy transfer process of Eu3+ chelate to SA-Alexa, because the lifetimes indicate that energy is successfully transferred from donor to acceptor. The luminescence decay function of Eu3+ labelled liposomes in the absence of acceptor, ID(t) can be described by a single exponential decay (1),
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where t is time, I0 the emission intensity at time t = 0 s, τ is the emission life time and D is donor. Lifetimes measured at 614 and 730 nm were 0.589 and 0.574 ms, respectively. The lifetime of the acceptor dye Alexa Fluor® 680 emission is 1.2 ns according to the manufacturer and can thus be neglected in calculations. The decay curves at 614 and 730 nm measured in the presence of acceptor Alexa Fluor® 680 were fitted to biexponential decay law (2),
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where DA means that both the donor and the acceptor are present. The calculated lifetimes were 0.17 and 0.57 ms at 614 nm (intensity ratio 
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= 0.072 between short and long lifetime components) and 0.18 and 0.55 ms at 730 nm (intensity ratio 0.98). The longer lifetime component at both wavelengths was addressed to Eu3+ chelate donor not engaged in energy transfer and the shorter to the sensitized emission of acceptor.
The intensity decay of the donor in the presence of the acceptor was also fitted to (3)
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in order to determine the dimensionality of LRET [37]. In this equation c is a time-independent constant, which is related to acceptor density and d is determined as a dimensionality. Dimension values 1, 2 and 3 represents energy transfer from donor to acceptor in line, plane and space, respectively. The spherical liposome surface was considered planar and a d value of 1.68 and a c value of 0.18 at 614 nm were obtained with τD of 0.589 ms. This supported the view that the energy transfer occured mainly in two dimensions, because the d value was close to 2. 
Taking into account the emission of donors that did not take part in the energy transfer, the following form was obtained.
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In this equation r is the ratio between donors not taking and taking part in LRET. The r value was approaching zero (8 ( 10-13). This suggested that the majority of the incorporated Eu3+ donors transferred energy to acceptor molecules. Thus the donors were expected to be located within the membrane of the liposomes and not inside the aqueous compartment, where the distance was too long for the energy transfer. This is also supported by the work of Tunuli and Fendler who proposed, that hydrophobic donors and acceptors used in their study associated with the outer surface of the liposomes [38].
Competitive Biotin Assay

The kinetics of streptavidin binding to biotinylated liposomes was monitored by measuring the signal-to-background ratio as a function of reaction time in microtiter wells. The effect of the liposome size on LRET efficiency and assay kinetics was also studied (Fig. 5). The signal-to-background ratio was time-dependent and the maximal signal-to-background ratio was reached at 20 or 30 minutes for liposomes extruded with 50 or 100 nm pore size filters, respectively. For 200 nm liposome, the optimal signal-to-background ratio was reached at t = 0 min. A decrease in the ratios was detected for all liposomes as time progressed. This originated from reduced Eu3+ signal and the LRET signals decreased nearly simultaneously with Eu3+ signals measured at 614 nm (Fig. 5c). Apparently the loss in Eu3+ signal also reduced the relative LRET signal but the effect was small. This can be seen in Fig. 5c where the normalized LRET signal decreased consistently somewhat faster than the corresponding Eu3+ signal. We could only speculate the reasons for the overall signal decrease: release of Eu3+ from the chelating ligand and/or disintegration of liposomes. It seems that the dissolution of the Eu3+ complexes caused the signal loss. A more detailed study is in progress to reveal the cause in our laboratory. 
The signal decline was also fitted to a simple exponential decay function (first-order degradation). Eu3+ and LRET signal decay rates did not vary strongly between different liposomes, but unequal rates for Eu3+ and LRET signals were observed (Fig. 5b and c). Rate constants of 0.015, 0.014 and 0.017 min−1 for Eu3+ signal decrease and 0.022, 0.018 and 0.021 min−1 LRET signal decrease were obtained for liposomes 50, 100 and 200 nm in diameter, respectively. 
Size dependent differences were minor for assay performance. The kinetic curves were dominated by the luminescence signal reduction of Eu3+ and, therefore, no equilibrium plateau was reached. As the Eu3+ luminescence signal decreased, acceptor-labelled streptavidin bound to liposomes increased the LRET signal simultaneously. Therefore, it was difficult to distinguish differences between the differently sized liposomes, especially because no plateau was reached. Apparently smaller liposomes had a kinetic advantage, because the signal-to-background ratio increased slightly faster than that for larger liposomes. The increase of LRET signal and decrease of Eu3+ signal had a greater impact in the case of larger liposomes as signals were canceling each other. Thus, lower signal-to-background ratio was detected and no maximum in signal-to-background ratio was measured. The degradation is a potential threat for a successful high-throughput screening assay. Fortunately liposome size and liposome membrane tension did not have any impact on signal stability. Therefore, instead of the liposome stability we have focused our current study on the stability of the Eu3+ chelate in liposomes.
Recently, dyed nanosized donor particles have been used in LRET studies. Claims that smaller particles are preferred for LRET assays have been reported − since as the particle size decreases more donor molecules can exist within the energy transfer distance [38]. In liposomes donors can be incorporated to the surface bilayer. Average donor–acceptor distance becomes smaller than that for nanoparticles comprising dyes throughout the particle volume. Therefore, the donor–acceptor distance was expected to be more optimal for liposomes than for nanosized particles and more applicable to LRET assays as larger fraction of donors are potentially available for energy transfer. 
Biotinylated liposomes with x(Biotin-cap-DPPE) = 0.050 were titrated with different concentrations of SA-Alexa (Fig. 6). The background signal was not found to vary with the amount of SA-Alexa. This excluded radiative energy transfer and nonspecific binding as signal contributors. A distinct sensitized signal was observed at SA-Alexa concentration of 0.10 nM or higher. Saturation of signal-to-background ratio was reached at approximately 1.0 nM. Streptavidin occupies an area of 25 nm2 on a surface [33]. Therefore, the maximum number of streptavidin molecules fitting on a 100 nm liposome was approximately 1300 corresponding to a streptavidin concentration of 0.63 nM. This was close to the saturation level in the assay indicating that biotin binding sites were largely covered.
We expected to find a decrease in signal-to-background ratio as a function of SA-Alexa, because Kokko et al. have reported overlapping donor volumes to reduce LRET signal with increasing number of acceptor [25]. No such decrease in signal or signal-to-background ratio was observed. This indicated that insignificant overlapping volumes existed with a SA-Alexa labelling degree of 1.7. Our data on varying number of Biotin-cap-DPPE mole fractions suggested that shared overlapping donor volumes could be present (Fig. 3). However, the reduced signal was apparently a consequence of biotin crowding effect on the surface of liposomes and not a consequence of donor overlapping volumes. Therefore, sterical hindrances reduced SA-Alexa binding leading to reduced signal at high SA-Alexa concentrations.
A calibration curve for the biotin assay was measured using 0.33 nM SA-Alexa and 0.96 pM liposome (diameter 100 nm) concentration (Fig. 7). The signal-to-background ratio decreased competitively with increasing biotin concentration and a sensitivity better than 200 pM was reached. Okabayashi and Ikeuchi [23] have studied resonance energy transfer efficiency of Eu3+ loaded liposome in a system, where surface bound streptavidin reacted with biotin conjugated to acceptor dye, and demonstrated an assay in micromolar sensitivity range. In their study Eu3+ was chelated with NTA without TOPO and the assay configuration was somewhat different, which partially explains the improved assay performance of our approach. High fluorescence signal of Eu3+:NTA:TOPO complex allowed to reduce the number of assay components leading to higher sensitivity in the competitive assay concept.
Conclusion

A homogeneous luminescence energy transfer assay between fluorescent donor Eu3+ chelate incorporated in liposomes and Alexa Fluor® 680 acceptor bound onto liposomes by means of biotin−streptavidin interaction was developed. Eu3+-NTA-TOPO was incorporated into liposomes with high efficiency. The present study demonstrated, that surface based LRET assays can reach a competent assay performance with an assay sensitivity at picomolar concentration range for biotin. Although a loss of Eu3+ signal was observed, assays could be carried out with relatively high precision under the measured conditions. In light of this study the technique can be potentially extended to detect more relevant target molecules − receptor−ligand binding in high throughput screening studies. 
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Legends

Figure 1. Schematic illustration of LRET assay between biotinylated donor-incorporated liposome (D) and acceptor-labelled streptavidin (A). a) LRET signal was detected by binding SA-Alexa to biotinylated liposome and b) LRET signal was attenuated by separating SA-Alexa and liposome with soluble biotin. c) Structures of the Eu3+ chelate, 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione (NTA) and trioctylphoshine oxide (TOPO).

Figure 2. a) Eu3+ signals for Biotin-cap-DPPE:DPPC liposomes (mole fraction of Biotin-cap-DPPE = 0.050; 100 nm in diameter; liposome concentration 4.0 pM) labelled with varying ratio of Eu3+, NTA and TOPO. b) Signal-to-background ratios measured for Biotin-cap-DPPE:DPPC liposomes in the LRET assay (mole fraction of Biotin-cap-DPPE = 0.050; 100 nm in diameter; liposome concentration 1.6 pM, SA-Alexa concentration 1.0 nM).
Figure 3. Signal-to-background ratio of LRET measurements as a function of Biotin-cap-DPPE mole fraction in 100 nm Biotin-cap-DPPE:DPPC liposome.

Figure 4. The fluorescence emission in the presence and absence of acceptor dye for 100 nm Biotin-cap-DPPE:DPPC liposomes (mole fraction of Biotin-cap-DPPE = 0.050; liposome concentration 13 pM and 1.1 nM SA-Alexa).
Figure 5. Kinetic curves for SA-Alexa binding to labelled Biotin-cap-DPPE:DPPC liposomes of 50, 100 and 200 nm in diameter (mole fraction of Biotin-cap-DPPE = 0.050): a) signal-to-background ratios, b) time-resolved fluorescence signals for Eu3+ and c) normalized LRET and Eu3+ fluorescence signals for liposomes of 100 nm in diameter as a function of incubation time. The data in figures b and c were fitted to an exponential decay function.
Figure 6. Signal-to-background ratio for biotin assay as a function of SA-Alexa concentration c(SA-Alexa) with Biotin-cap-DPPE:DPPC liposomes (mole fraction of Biotin-cap-DPPE = 0.050) 100 nm in diameter. The data fitting was based on the equation derived from the equilibrium binding constant of SA-Alexa−Biotin-cap-DPPE interaction (see supplementary material).

Figure 7. Calibration curve for competitive LRET biotin assay using Biotin-cap-DPPE:DPPC liposomes 100 nm in diameter (mole fraction of Biotin-cap-DPPE = 0.050). The data fitting was based on the equation derived from the equilibrium binding constants of SA-Alexa−Biotin-cap-DPPE and SA-Alexa−biotin interactions (see supplementary material).
Abbreviations:

LRET

luminescence resonance energy transfer

NTA

4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione
TOPO 

trioctylphoshine oxide
SA 

streptavidin

Alexa 

Alexa Fluor® 680
SA-Alexa

Alexa Fluor® 680 labelled streptavidin
A

acceptor

D

donor

DPPC

1,2-dipalmitoyl-sn-glycero-3-phosphocholine
Biotin-cap-DPPE
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap

biotinyl) (sodium salt)
egg PC

L-α-phosphatidylcholine
POPG

1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-1-glycerol] 



(sodium salt)
DOTAP

1,2-dioleoyl-3-trimethylammoniumpropane, chloride
DDAB 

dimethyldioctadecylammoniumbromide
DTPA

diethylenetriaminepentaacetic acid
c(i)

concentration of component i (i refers to all components 

mentioned in the text)

x(i)

mole fraction of component i (i refers to all components 

mentioned in the text)

t

time

I0

luminescence emission intensity at time t = 0

τ

luminescence emission life time

I

luminescence emission intensity

c

constant in equation (3) and (4)

d

dimensionality in equation (3)

r

ratio between donors not taking and taking part in LRET

B

LRET signal

B0

LRET signal without biotin 
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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