Luminescence Stability Improvement in Liposome-Based Homogeneous Luminescence Resonance Energy Transfer
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Abstract

A stable liposome-based time-resolved luminescence resonance energy transfer (TR-LRET) assay was developed based on the interaction of biotinylated lipids and streptavidin. Eu3+ ion chelated to 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione and trioctylphosphine oxide was incorporated into liposomes. Acceptor-labeled streptavidin bound to biotinylated lipids of the liposomes enables TR-LRET. A stable assay performance was achieved by optimization. High Eu3+ signal and stability, low variation, and the sensitivity below 100 pM for free biotin was achieved by incorporating the chelate into liposomes containing cholesterol in a carbonate buffer. Potentially, the stable assay compared to the assay without cholesterol offers an improved platform to liposome-based detection systems.
Keywords: Biotin, Cholesterol, Energy transfer, Liposome, Streptavidin, Time-resolved luminescence

Lanthanide chelates are popular probes in various research fields. However, many of the lanthanide chelates are relatively unstable at extreme pH [1], at high temperature, and in the presence of competing ions or ligands [2]. More stable lanthanide compounds, such as cryptates [3,4] and terpyridine chelates, have been synthesized. However, complicated structures suggest long synthesis and high costs. Simple Eu3+:β-diketone:TOPO chelates in detergent solution is one of the most luminescent lanthanide structures known and, therefore, of interests in bioaffinity assays. However, it is highly unstable at micromolar concentrations. This has led to new strategies to stabilize the weakly stable Eu3+ complex by incorporating the complex within latex or silica particles and liposomes [5,6]. Liposomes as artificial biological membranes provide an excellent host for dyes, because they mimic cell membranes. However, stability of dyes within liposomes limits their applicability. Hydrophobic chelates are incorporated into the lipid membrane. They might decrease the stability of the membrane and leak from the bilayer, unless the assay conditions and membrane components are optimized. Cholesterol is an important cell membrane steroid found in high quantities, typically approximately 30% of the lipids, in mammalian membranes [7]. Cholesterol influences on the flux of small molecules across bilayers by changing the degree of packing and thermal mobility of the lipid hydrocarbon chains [8]. Thus, it gives a natural choice to prevent or enhance leakage of molecules across the membrane.
In this study, our objective was to improve the stability, assay variation, and the magnitude of the luminescence signals in a liposome-based TR-LRET assay system [9]. The Eu3+ ion chelated to 4,4,4-trifluoro-1-(2-naphthalenyl)-1,3-butanedione (NTA) and trioctylphosphine oxide (TOPO) is incorporated into liposomes containing cholesterol and applied as a donor (D) in a TR-LRET assay (see Figure S1 in Supplementary Material). The proximity of acceptor Alexa Fluor® 680 labeled streptavidin (SA-Alexa, see experimental details for labeling in [9] and Supplementary Material) to Eu3+:NTA:TOPO chelate donors is enabled by biotinylated lipids incorporated into liposomes and the TR-LRET signal was detected between the dyes. A decreasing signal was measured with the increasing concentration of soluble biotin, as the binding of SA-Alexa to biotinylated liposomes and TR-LRET was prevented.
We carried a series of experiments to improve the Eu3+:NTA:TOPO chelate incorporation and to choose the most effective conditions for further stability and the assay calibration measurements. The unilamellar liposomes containing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (mole fraction 5%), and cholesterol were prepared by extrusion through membranes with a pore size of 100 nm. Eu3+:NTA:TOPO was incorporated into the liposome membrane after liposome extrusion by mixing Eu3+:NTA:TOPO in DMSO with the liposome suspension and the free chelate was separated from the labeled liposomes by gel filtration (see experimental details for materials, instrumentation, preparation of biotinylated liposomes, and incorporation of Eu3+:NTA:TOPO chelate into liposome membrane in Supplementary Material). The conditions for the incorporation were optimized by testing the effect of pH and buffer components, cholesterol content, different alcohols, and temperature. The Eu3+ time-resolved luminescence signals of the diluted Eu3+:NTA:TOPO chelate labeled liposome suspensions were monitored for the comparisons. Among the tested buffers (a universal buffer with four components at 30 mM; 50 mM acetate, pH 5.0; phosphate, pH 7.0; tris(hydroxymethyl)aminomethane, pH 9.0; glycine, pH 9.0; and carbonate, pH 9.8), the highest incorporation was reached with the carbonate buffer, pH 9.8. This buffer may have created an anion flux across the membrane and assisted the partly positively charged hydrophobic chelates into the liposome bilayer (see Figure S2 and the detailed Results and Discussion in Supplementary Material).
As cholesterol is known to reduce the leakage of small water-soluble molecules or ions [7,10], we studied the effect of the cholesterol content in the liposome membrane on the Eu3+:NTA:TOPO  chelate incorporation. The measured Eu3+ signal increased in a linear manner as a function of the cholesterol mole fraction in the liposome (Figure 1a), which suggested that the Eu3+:NTA:TOPO chelate incorporation was enhanced in the presence of cholesterol. Cholesterol increases the incorporation of hydrophobic molecules into the liposome bilayer in a gel phase due to the changes in the liposome bilayer: the membrane hydrophobicity, the membrane thickness, and the membrane order in the core of the lipid layer increase and the number of membrane defects decreases [11-14]. Thus, cholesterol causes an effective hydrophobic barrier to permeation of polar species [15] and a hydrophobic shield for water-insoluble or hydrophobic molecules, such as NTA and TOPO in the chelate, against polar environment. Moreover, the incorporation of the cation is significantly enhanced as chelated than as a free ion [10,16,17].
Although a linear relation between cholesterol content and Eu3+ signal was observed, a different effect was observed on the TR-LRET signals in the presence of the acceptor SA-Alexa (see Figure S3 in Supplementary Material). The TR-LRET was measured in the absence and in the presence of high 0.83 µM concentration of soluble biotin and the ratio between measured signals (B0/B) was calculated. B0/B increased significantly (approximately four-fold increase), as the mole fraction of cholesterol increased from 0 to 10%, but leveled out at higher cholesterol fractions. This suggests that the same enhancement of energy transfer may be applicable to natural membranes with varying cholesterol content and the natural cholesterol content may not limit the use of the assay principle in biological applications. The saturation of the TR-LRET suggests that the donor concentration is sufficient to excite the acceptors at cholesterol mole fractions higher than 10%.
The stability of Eu3+ signal had an effect on the TR-LRET signal. We studied the effect of the buffer pH and composition or liposome cholesterol content used during the incorporation of the chelate on the stability. The influence of universal buffer pH was small and the Eu3+ signal of diluted Eu3+:NTA:TOPO labeled liposomes was highly unstable (data not shown). However, the liposomes labeled in carbonate buffer pH 9.8 with high Eu3+ signal had the highest stability. Moreover, the Eu3+ signal stability significantly increased and the coefficient of variation decreased, as the liposome cholesterol content increased (Figure 1b). The effect of cholesterol on the stability of the liposomes incorporated with the Eu3+:NTA:TOPO chelate is explained by the ability of cholesterol to decrease the leakage of small water-soluble molecules or ions [10].
Our studies suggested that the most effective incorporation for the Eu3+:NTA:TOPO chelate into liposome membrane was achieved in the carbonate buffer at alkaline pH and liposomes with high cholesterol content. The effect of electrochemical gradient was also tested by the addition of alcohols and the raise of temperature (data not shown). However, they were not equally effective as alkaline pH and the addition of cholesterol, although positive effects were found. The highest Eu3+ signal measured for liposomes containing cholesterol is probably explained by the highest incorporation of the Eu3+:NTA:TOPO chelate and the high stability of these liposomes after the dilution in water. This implies that the structural changes of the membrane, which increase its hydrophobicity, have the most significant effect on the permeability of hydrophobic chelates. The increased permeability for ions accomplished by other tested conditions is not equally effective probably due to the differing properties between chelated and free ions.
The spectral characteristics of liposomes containing 50% cholesterol (Eu3+:NTA:TOPO chelate incorporation performed in carbonate buffer pH 9.8) were assessed and compared to the spectrum of liposomes without cholesterol published earlier [9]. The local emission maxima were not significantly shifted when compared to liposomes without cholesterol. Moreover, the calculated emission lifetimes for the shorter and longer lifetime components were similar for liposomes with or without cholesterol.
A calibration curve for the biotin assay was measured using 0.14 nM SA-Alexa and 0.33 pM liposome with 50% cholesterol. The assays were performed in microcentrifuge tubes in 100 mM phosphate buffer, pH 7.4, 10 mM KCl and the TR-LRET signals were measured after transferring 50 µL of the solution into microtitration wells. The corresponding curve for liposomes without cholesterol is presented as a comparison in Figure 2. After performed optimizations for the concentrations of the components, we observed similar dynamic ranges for both systems. The sensitivity below 100 pM for biotin was measured using liposomes with 50% cholesterol. This sensitivity was reached due to reduced coefficient of variation, which was proposed to decrease due to the signal stabilization. For the dynamic range, the coefficient of variation for the signal varies between 0.90 and 9% (average 4%) with cholesterol and between 8 and 20% (average 12%) without cholesterol.

In summary, the liposome-based homogeneous TR-LRET assay developed previously by us [9] was improved and higher performance was reached. Several incorporation methods for the Eu3+:NTA:TOPO chelate to the liposomes and different assay conditions were systematically tested. Higher signal and its stability were reached compared to the earlier incorporation setup. The most optimal chelate incorporation, in carbonate buffer at basic pH to liposomes containing 50% cholesterol, was chosen for the measurement of the biotin calibration curve. The sensitivity was high for the quantification of biotin and the coefficient of variation was clearly improved from the original assay containing non-cholesterol liposomes with the Eu3+:NTA:TOPO chelate incorporation in water. These improvements may provide an applicable assay principle for membrane studies, which can be further adapted for high-throughput screening applications with biologically important targets.
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Legends

Figure 1. a) Eu3+ signal for biotin-cap-DPPE:DPPC liposomes (liposome concentration 0.77 pM) with varying mole fractions of cholesterol. The curve is a linear fit of the data. b) Normalized Eu3+ signal as a function of incubation time for liposomes with different mole fractions of cholesterol (x(cholesterol) = 0-0.50).

Figure 2. Calibration curves for competitive TR-LRET biotin assay using two different liposomes (Eu3+:NTA:TOPO chelate incorporation in water for liposomes without cholesterol and Eu3+:NTA:TOPO chelate incorporation in carbonate buffer for liposomes with cholesterol x(cholesterol) = 0.50).
Figure 1a
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Figure 2
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