
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Integrated Nanoreactor Systems:  Triggering the Release
and Mixing of Compounds Inside Single Vesicles

Pierre-Yves Bolinger, Dimitrios Stamou, and Horst Vogel
J. Am. Chem. Soc., 2004, 126 (28), 8594-8595• DOI: 10.1021/ja049023u • Publication Date (Web): 23 June 2004

Downloaded from http://pubs.acs.org on March 31, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 2 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja049023u


Integrated Nanoreactor Systems: Triggering the Release and Mixing of
Compounds Inside Single Vesicles

Pierre-Yves Bolinger, Dimitrios Stamou, and Horst Vogel*

LCPPM, Swiss Federal Institute of Technology Lausanne, CH-1015 Lausanne, Switzerland

Received February 20, 2004; E-mail: horst.vogel@epfl.ch

Lipid vesicles constitute nanocontainer systems ideally suited
for the isolation, preservation, transport, and localization of few1

or single2 molecules. Their ultrasmall dimensions (minimal diam-
eters of 20 nm) allow unparalleled reduction of confined volumes
to the zeptoliter range (1 zL) 10-21 L). The availability of lipids
with variations in the hydrocarbon chains and the polar headgroups
permits in addition the optimal design of a container that is tight
and inert to the reactants and products of many biochemical
processes like protein expression,3 enzymatic reactions,4 or mRNA
transcription5 to mention a few. The potential of these systems for
miniaturization and bionanotechnology was nevertheless realized
only after single vesicles were extracted from theensembleand
addressed as individuals, either by means of micromanipulation6

or by directed assembly on patterned surfaces.1,7 Here we present
a method that allows the on-demand release and mixing of soluble
compounds stored in the interior of individual vesicular nanoreac-
tors.

Performing (bio)chemical reactions entails the controlled mixing
of reactants. Inspired by cellular processes, we used self-assembly
principles to create an integrated device capable of mixing zeptoliter
to femtoliter volumes. The principle we employ is thermotropic
permeability changes of lipid bilayers to polar solutes.8 Maximum
bilayer permeability (increase of several orders of magnitude) is
reached at the characteristic ordered-fluid phase transition temper-
ature (Tt) of the constituent lipid due to packing defects that create
transient pores in the membrane.9 As illustrated in Figure 1A, we
created a nested system of vesicles composed of different lipids,
having differentTt. This enabled us to define conditions under which
small unilamellar vesicles (SUVs), trapped in the interior of a large
unilamellar vesicle (LUV), release their cargo that is subsequently
confined and mixed in the interior of the LUV.

The SUVs are composed of a 9:1 mixture of DPPC and
DPPG.10,11They show low permeability for polar molecules below
and above 41°C (theTt of both lipids12) allowing their convenient
manipulation and storage at room temperature. Indeed, reactors
stored for up to one week showed content-release properties
identical to those of freshly made reactors. As a further precaution
against leakage, we included the negatively charged lipid DPPG
in the bilayer of the SUVs and the LUV. The resulting electrostatic
repulsion keeps the SUVs “suspended” in the LUV suppressing
interactions between themselves or the walls of the reactor that
could cause uncontrolled leakage. The lipid composition of the
LUVs10 having aTt of -18 °C guaranteed efficient confinement
of the released polar solutes throughout the investigated temperature
range.

To monitor the function of the reactor systems on an individual
basis but in a parallel manner, we immobilized them on a solid
support. We have described the prerequisite conditions for site-
specific positioning of single vesicles elsewhere;1 here LUVs are
immobilized randomly on a glass substrate homogeneously coated
with neutravidin.13 The wide size distribution14 of available LUVs

allowed simultaneous evaluation of the reaction process on different
volume scales. A concentration of 0.3 mol % biotin-PEG-lipid15

mediated a specific interaction of the LUVs with the neutravidin
that is strong enough to allow long-lasting data acquisition but,
due to the long PEG spacers, mobile enough to prevent vesicle
destabilization or destruction.

As a proof of principle, we monitored the thermotropic phase
transition-induced release of a fluorescent dye from SUVs into the
lumen of immobilized individual LUVs. SUVs were first loaded
with CF at a self-quenching concentration12 and then entrapped in
a larger vesicle.11 Fluorescence confocal microscopy, Figure 1C,
revealed a low average fluorescence intensity per immobilized LUV
that originated from diffusing CF-loaded SUVs. Thermotropic

Figure 1. Principle of temperature-induced release and mixing of water-
soluble molecules in the interior of immobilized vesicular reactors. (A) A
large unilamellar vesicle (LUV) contains small unilamellar vesicles (SUVs)
that are loaded with soluble reactants (high concentration of CF, quenched
fluorescence) dark green). The LUV is immobilized via a biotin-PEG-
lipid to a neutravidin covered surface. (B) Increasing the temperature (∆T)
across the ordered-fluid lipid phase transition of the SUVs results in the
release (arrows) of their cargo, which is subsequently confined and mixed
inside the LUV (dilution of CF, fluorescence increase) intense green).
(C) Confocal fluorescence microscopy (LSM 510, Zeiss) of LUVs im-
mobilized on glass. At a concentration of 15 mM, the fluorescence intensity
of carboxyfluorescein (CF) inside the SUVs is low due to self-quenching.
Here, intensity was digitally enhanced to enable vesicle visualization.
Inset: higher magnification of a LUV allows identification of diffusing
SUVs (white arrows). (D) Increase of the temperature from 25 to 45°C
causes release of the dye, which is then diluted. This is monitored as a
sharp increase in the fluorescence intensity of all LUVs under observation.
Inset: increase of fluorescence is uniform over the whole vesicle. All scale
bars are 5µm.
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release and subsequent dilution of CF into the LUVs reduces self-
quenching and increases fluorescence, Figure 1D.

The factor F of fluorescence intensity increase per reactor is a
direct measure of the dilution ratio and depends mainly on (i) the
number of encapsulated SUVs and (ii) the reproducibility of the
release process. For a reliable reactor, one desires a small variation
in F, i.e., in the final concentration of released reactants. Statistics
over a few hundred LUVs (data not shown) revealed an almost
ideal release process but also a variation of(30% in the number
of loaded SUVs per large vesicle, which, at the moment, is limiting
the performance of the device. Figure 2A depicts a typical response
of a single 2µm diameter vesicle (total volume is 4 fL) with anF
) 2.5 that corresponds to a 10-fold dilution of the released
fluorophore.16

Figure 2B showsF for two different reactors (2 and 10µm
diameters) during a temperature scan through the ordered-fluid
phase transition of the SUVs. The increase of the mean fluorescence
is maximal at 41°C, theTt of the SUVs. All released compounds
are retained in the reactor as shown by the stable baseline. The
progressive temperature scan revealed a transition width of 3°C
and a half time of release of∼1 min. These results prove
unambiguously that the self-quenched dye is released from the
loaded SUVs atTt but remains confined in the interior of the larger
vesicle.

In summary, we have described a method that allows the parallel
production of nanoreactor systems whose function is controlled by
a remote stimulus. The reactors comprise a nested system of lipid
vesicles, part of which release their content during a thermotropic
phase transition. The integration of all components (reactants and
products) in a single element eliminates the need for external
manipulation/intervention3-6,17and therefore renders this nanoscopic
system entirely autonomous. The smallest attainable size for vesicles
(diameter∼20 nm, volume∼10-21 L) puts a lower limit to the
total volume of the device of about 10-18 L, making it ideally suited
for manipulating interacting partners at the single-molecule level.
Using vesicles of several different phase transition temperatures,

one can extend the process and realize a number of sequential
reaction steps, each separated from the previous by about 3°C.
Combination of this method with vesicle-microarray1 technology
will permit the simultaneous observation and quantitative analysis
of confined (bio)chemical reactions in thousands of separate
reactors.
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Figure 2. Thermotropic phase transition-induced release of CF inside
LUVs. The values of both graphs were extracted from fluorescence confocal
microscopy images. (A) Fluorescence intensity profile across a 2µm
diameter LUV at 25°C (green) and after an increase of the temperature to
45 °C (black), 4°C above the phase transition temperature of the lipid
bilayer. (B) Time course of the increase of the mean fluorescence intensities
of two single LUVs during a continuous temperature scan (1.5°C/min).
The point of inflection is very close to theTt ) 41 °C of the SUVs. During
the temperature scan, the confocal plane had to be manually adjusted to
compensate for the thermal expansion of the sample holder. Proper
alignment is more critical for the 2µm vesicle than for the 10µm vesicle,
resulting in an increase of experimental noise.
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