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Materials & Methods 

Vesicle preparation 

Lipids dissolved in chloroform were mixed at desired ratios, chloroform evaporated and the dried lipid 

film rehydrated with the appropriate aqueous solution. We have used the following lipids (Avanti Polar 

Lipids): DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine), DPPG (1,2-dipalmitoyl-sn-glycero-3-

[phospho-rac-(1-glycerol)]), DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), DMPG (1,2-

dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]), DOPG (1,2-dioleoyl-sn-glycero-3-[phospho-rac-

(1-glycerol)]), rhodamine-PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl)), biotin-PEG-lipid (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[biotinyl(polyethylene glycol)2000]).  

Vesicles for single substrate-enzyme reaction. SUVs were composed of DPPC/DPPG at a molar ratio of 

9:1 and were integrated into nanoreactors made of DOPG/rhodamine-PE/biotin-PEG-lipid, molar ratio of 

96:1:3.  For the SUVs, the corresponding dry lipid film was first hydrated with an aqueous solution of 

substrate (either FDP or DDAO phosphate at desired concentration) and then mixed with 10 mM Tris-

HCl pH 7.0 (1:10, vol:vol). After 5 freeze-thaw cycles, the vesicle suspension was extruded (Lipex 

Biomembrane Inc.) 8 times through filters of 100 nm pore diameter at 70°C. The untrapped dye was 

removed by gel exclusion chromatography (Sephadex G-75) at a temperature below the vesicles’ specific 

Tt, eluting with a solution of 10 mM Tris-HCl at pH 7.0, 10 mM KCl and 200 mM sorbitol. Nanoreactors 

were prepared by hydrating a corresponding dried lipid film with 3 mL of SUVs mixed with 0.3 mL of 

AP (1.75 mM) at 5 °C for two days. FCS and confocal microscopy have shown that the SUVs remain 

intact for a few weeks below Tt. Nanoreactors investigated one hour after mixing of reactants did not 

show leakage.  

Vesicles for consecutive, two-step substrate-enzyme reactions. Here, two different SUV populations, one 

containing DDAO phosphate and the other FDP, have beeen efficiently co-incorporated into the lumen of 

individual nanoreactors. 

In order to enhance this co-incorporation, the electrostatic interaction between the SUVs and nanoreactors 

must be balanced. The following lipid mixtures (mass ratios) were optimal for co-incorporating the two 

SUV populations: SUVs (DDAO phosphate), DMPG:DMPC 4:1; SUVs (FDP), DPPG:DPPC 1:1; 

nanoreactors, DOPC:DOPG:biotinPEG-lipid 100:400:4. 



 

Image acquisition and analysis 

Microscope glass slides were cleaned (several consecutive sonification washes with detergent, water, 

MeOH), and incubated for 15 min in a solution of 0.1 mg/ml neutravidin (Pierce) in 10 mM Tris-HCl and 

200 mM sorbitol, pH 7.0. After rinsing with buffer the neutravidin-coated glass slide was incubated for 5 

min in a solution of biotin-coated nanoreactors and then washed again. This procedure yields 

nanoreactors immobilized on the glass surface, which were imaged using a Zeiss SLM 510 scanning laser 

confocal microscope (Carl Zeiss, Jena). Fluorescence images were recorded consecutively using two 

separate detectors to prevent cross-excitation and cross-emission: The first channel detected FDP 

(excitation 488 nm, emission >505 nm) and the second channel detected DDAO (excitation 543 nm, 

emission >650 nm). The temperature of the solution was regulated from 15-50 °C using two Peltier 

elements; temperature control and recording was implemented in LabVIEW (National Instruments). 

Images were analyzed using the software Imaris (Bitplane AG), which evaluates at each resolved pixel in 

the image plane fluorescence intensities above a chosen threshold and presents the fluorescence 

intensities of each pixel in form of a color code as a function of its position in the image plane finally 

visualizing the nanoreactors with increased contrast from the background. 

 

FCS experiments 

FCS was performed on a Zeiss SLM510 equipped with a Confocor 2 FCS-unit and a C-Apochromat 40x 

NA1.2 water immersion objective (Carl Zeiss, Jena) as described elsewhere [1]. Pinhole adjustments and 

instrument calibrations were done using a 100 nM aqueous solution of the fluorescent probe Alexa488. 

The probe was excited at 488 nm with an argon ion laser and its fluorescence was detected through a 

pinhole (typically 70 µm) at 510 nm (LP510 filter). The laser power was adjusted to maximize the 

detected counts per particle and at the same time to minimize both triplet formation and photobleaching. 

Autocorrelation functions were computed from recordings of the fluorescence intensity fluctuations using 

Zeiss Confocor software. The SUVs used for FCS experiments were produced by extrusion across a 100 

nm sized pore filter and comprised typically a concentration of 50 mg/ml lipids and 3.17 mM dye. 
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