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Abstract
F0F1-ATPase within chromatophores, which was labeled with pH-sensitive quantum dots, was encapsulated in large unilamellar lipid vesicles
(LUVs) through reverse-phase evaporation. Then a microarray of chromatophore-containing LUVs was created using a micro-contact printing
(μ-CP) technique. Through controlled dehydration–rehydration of the lipid patterns, a microarray of single chromatophore-containing giant
unilamellar lipid vesicles (GUVs) was formed with desired size and uniform shape. The reversible ATP synthesis/hydrolysis of F0F1-ATPase in
GUVs was directly observed by fluorescence microscopy through the fluorescence intensity increase/decrease in the pH-sensitive quantum dots
labeled on the outer surface of the chromatophore. To the best of our knowledge, this is the first direct observation of the reversible behavior of
F0F1-ATPase at the bulk scale.
© 2007 Elsevier B.V. All rights reserved.
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Biochemical reactions always occur with very few reactants
in confined spaces ranging from several nanometers to several
micrometers. As well as the notion that confined chemistry will
play an important role in nanotechnology, it is anticipated that
reaction in a microenvironment approximating a biological
system will reveal the nature of biological reactions in vivo.
Therefore, improving experimental techniques to investigate
and evaluate compartmentalized reactions under controlled
conditions will become more and more important. As ultrasmall
reaction containers, lipid vesicles are ideally suited to these
kinds of investigations. Giant unilamellar vesicles (GUVs) are
cell-sized liposomes composed of a single lipid bilayer with an
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entrapped aqueous compartment. They can hold extremely
small volumes of liquid in their interior, giving researchers a
unique insight and understanding into how biochemical
reactions occur. It has been reported that they can be used to
mimic natural biological environments for studies of biochemical reaction dynamics [1–3], single-molecule behavior [4],
synchronized population behavior of enzymes in confined
spaces [5], diffusible behavior of biological molecules [3,6],
enzyme-catalyzed reactions [7,8], exocytosis [9], nanofluidic
networks [10,11], bioanalytical applications and biosensors
[12]. In biological systems such as single cells, the parallel
handling of small numbers of molecules is inherent. A surfactant membrane, which plays a key role in biological molecule
transportation, packaging, and sorting, provides the only workable biological reaction environment for a single or a few
molecules. GUVs that have features of confined space and that
mimic the cellular membrane would be very suitable for researching confined biological reactions in vitro.
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Micro-contact printing (μ-CP) is a widely used technique for
patterning of biomolecules on a desired surface, such as protein,
DNA/RNA, lipids [13,14]. Patterning of supported lipid bilayer
microarrays has been demonstrated with various methods [14],
however, producing GUV microarrays with desirable diameters
and shapes has not yet been reported.
F0F1-ATPase is composed of two functional linked parts — F0
and F1. This complex catalyzes endergonic synthesis of ATP from
ADP and phosphate using a transmembrane proton-motive force
(PMF) generated by oxidative phosphorylation or photosynthesis
[15–17]. In Escherichia coli, F0 and F1 are composed of ab2cn
and α3β3γδε, respectively. These two parts are structurally linked
by two stalks, a central stalk of γ and ε subunits which links to the
c subunit ring and an outer stalk of δb2, linking α3 to a subunit.
The downhill proton flux through F0 drives rotation of the c-ring
and hence γ and ε, forcing a conformational change in F1 that
results in ATP synthesis from ADP and Pi. Conversely, ATP
hydrolysis in F1 causes reverse rotation of the rotor that drives F0
to pump protons in the reverse direction. The exact mechanism of
the reversible cycle of F0F1-ATPase is well known [18]. The
reversible ATP synthesis/hydrolysis of F1 and reversible proton
flux through F0 in intact F0F1-ATPase driven by an external
mechanical force have been demonstrated at the single molecular
level [19,20]. However, direct observation of the automatic
reversible ATP synthesis/hydrolysis of natural F0F1-ATPase at the
bulk scale has not yet been reported.
In this paper, we further developed the μ-CP technique to form
chromatophore-containing GUV microarrays through controlled
dehydration–rehydration, and directly observed reversible ATP
synthesis/hydrolysis of F0F1-ATPase which was indicated by the
fluorescence intensity change of pH-sensitive quantum dots
labeled on the outer surface of chromatophores, in GUV patterns
with different feature sizes. The schematic view of our experimental set-up is shown in Fig. 1.
1. Materials and methods
1.1. Chemical and materials
Esco microscope cover glass and ADP were purchased from Sigma-Aldrich CO.
(St. Louis, USA). All other analytically purified reagents were purchased
domestically.
Tricine–NaOH buffer (0.1 mM Tricine, 5 mM MgCl2, 5 mM KCl, pH8).
ATP synthesis buffer (50 mM Tris–HCl, 5 mM MgCl2, 5 mM K2HPO4, 10%
glycerol, pH 8.5). PBS buffer (137 mm NaCl, 2.7 mm KCl, 1.4 mm KH2PO4,
25 mm Na2HPO4, pH 7.4, 1% glycerol). Tris–HCl buffer (50 mM Tris–HCl, pH
6.5, 50 mM KCl, 2 mM MgCl2). pH-sensitive quantum dots were synthesized by
Prof. F.Q. Tang's group (Technical Institute of Physics and Chemistry, CAS).
Chromatophores were prepared from the cells of Rhodospirillum rubrum
according to Ref [21,22].

1.2. Methods
1.2.1. Synthesis of water-soluble pH-sensitive CdTe quantum dots
pH-sensitive quantum dots were synthesized by Prof. F.Q. Tang's group
(Technical Institute of Physics and Chemistry, CAS) according to Ref [23]. In
brief, the quantum dots were synthesized by adding freshly prepared NaHTe
solution to nitrogen-saturated Cd(NO3)2 solutions at pH 8.5 in the presence of
thiolglycolic acid (TGA) as a stabilizing agent. A small amount of ammonia was
added in the solution as an additional stabilizing agent and pH controller because
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this would enable us to obtain high-quality quantum dots with a smaller size and
a higher quantum yield. A series of quantum dots with sizes ranging from 2 to
5 nm were obtained, and in this work we used quantum dots with a maximum
emission wavelength of 585 nm.
1.2.2. Preparation of the micro-patterned polydimethylsiloxane (PDMS) stamps
A micro-patterned PDMS stamp was used for direct μ-CP as schematically
shown in Fig. 1. The PDMS stamp was conventionally fabricated by a standard
photolithographic technique [24]. In brief, a thin photoresist layer (15 μm,
Shipley S1813) was spin-coated onto a silicon wafer and patterned
photolithographically to produce a master. To imprint the patterns, PDMS
monomers were poured on the photoresist and carefully peeled off after 4 h of
curing at 100 °C. After its release, the PDMS stamp was sonicated in ethanol
overnight to remove any residual siloxane monomers which could contaminate
the glass, then the PDMS stamp served as the vehicle to transfer the ‘‘ink’’.
1.2.3. Preparation of quantum dot labeled chromatophores
100 μL pH-sensitive quantum dots were added into 400 μL of chromatophores
in Tris–HCl buffer (pH 6.5) at room temperature for 2 h, then the free fraction of
quantum dots was washed three times by centrifugation (15000 rpm, 4 °C, 30 min).
The precipitates were resuspended in 0.1 mM Tricine–NaOH buffer and stored at
4 °C before use.
1.2.4. Preparation of chromatophore-containing large unilamellar vesicles
The chromatophore-containing LUVs were prepared by the standard reversephase evaporation method with some simplifications [25,26]. In brief, soybean
lecithin was dissolved in chloroform with a final lipid concentration of 5 mg/mL.
Then, 300 μL of lipid solution was transferred to a round-bottomed flask and the
solvent was removed by rotary evaporation for 1 h at room temperature. A thin
completely dry lipid film formed on the wall of the flask. Then, 4.5 mL of ether,
1.1 mL of ATP synthesis buffer, 200 μL of chromatophores, and 150 μL of
methanol were carefully added into the flask, and protected by N2. This mixture
was sonicated in an ice-water bath for 20 min with a bath-type sonicator until a
stable emulsion had completely formed. The organic solvent in the mixture was
completely removed under reduced pressure with a rotary evaporator for 1 h at
room temperature.
The chromatophore-containing LUVs were stored at 4 °C before use.
1.2.5. Preparation of chromatophore-containing GUV patterns by controlled
dehydration–rehydration
The micro-patterned PDMS stamp was used for direct micro-contact printing
on a microscope cover glass. The cover glasses were cleaned with a mixture of
H2SO4 and H2O2 (1:1) for 1 h, then thoroughly rinsed with DI-water and ethanol
and dried in N2 before use.
The stamp was covered with chromatophore-containing LUVs and
subsequently dried in N2. Then the stamp was placed on the cover glass for
about 5 min without any external force and the chromatophore-containing LUVs
were successfully transferred onto the cover glass. After the stamp had been
removed, the substrate on which the pattern of LUVs had formed was
dehydrated overnight in a vacuum drying oven under the protection of N2. The
chromatophore-containing GUVs were eventually formed by controlled
rehydration of the dried LUV pattern in saturated water vapor.
ADP was injected into the chromatophore-containing GUVs through
microinjection using a patch [12] to initiate ATP synthesis/hydrolysis at 37 °C.
The fluorescence intensity of GUVs was observed with an Olympus IX71
fluorescence microscope and recorded by cooled digital CCD cameras (Princeton
Scientific) with excitation at 515 nm and emission at 585 nm. The recorded images
were processed with Winview/32 software (Princeton Scientific).

2. Results and discussion
2.1. Formation of regular chromatophore-containing GUV
microarrays
We adopted the PDMS stamp with 4 μm features as template to
create the LUV patterns, in which pH-sensitive quantum dot-
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Fig. 1. Schematic view of micro-contact printing (μ-CP) of LUVs and the formation of GUVs.

labeled chromatophores were pre-encapsulated through the
reverse phase evaporation technique. A scanning electron
microscope (SEM) photo of the PDMS stamp is shown in
Fig. 1 of Supporting material. Effective transfer of chromatophore-containing LUVs onto the cover glass surface was
achieved. The single GUV patterns, which contained quantum
dot-labeled chromatophores in the trapped aqueous space, were
eventually formed by membrane fusion of LUVs when the cover
glass was transferred to a saturated vapor environment. Fig. 2A
shows a brightfield image of GUV patterns with 4 μm features. To
confirm that the quantum dot-labeled chromatophores were
encapsulated in the GUV patterns through the membrane fusion
process, Fig. 2B shows a fluorescence image of GUV microarrays.
The fluorescence intensity of the GUV pattern was not quenched
by CuCl2 (data not shown). This further demonstrated that the
quantum dot-labeled chromatophores were not adsorbed on the
outer surface of the GUVs. These GUVs formed by such a
controlled dehydration–rehydration method have nearly uniform
shape and size which were the same as the PDMS stamp (visible
light image and fluorescence images of 50 μm GUV patterns are
not shown). Fluorescence solution was also injected into the
GUVs through a patch approach to demonstrate that the inclusion
was not due to leakage (data not shown).

In our experimental process, these GUV microarrays could
stabilize a few hours at room temperature or 37 °C in a saturated
vapor environment (data not shown) [9,11,26], and all of our
experiments were done in following 1 h after GUV generation.
Dehydration–rehydration is a widely used technique for
producing GUVs [27,12]. In our work, the chromatophorecontaining GUVs can also form by rehydration in PBS buffer with

Fig. 2. (A) Chromatophore-containing GUV patterns formed by controlled
dehydration–rehydration with 4-μm feature in diameter. (B) Fluorescence image
corresponding to panel A.
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size distribution from several micrometers to nearly 100 μm, but
the pattern feature was entirely destroyed under such drastic
hydration conditions (data were not shown). In contrast to drastic
hydration conditions, the protocol described here adopted more
gentle conditions in the rehydration process; under such gentle
conditions, the energy of hydration is sufficient to fuse the LUVs
to GUVs, but not enough to break the pattern feature. In this way,
the pattern feature and desired size of GUVs can be achieved and
controlled.
GUV patterns described here will be very attractive for use as
ultrasmall reaction container microarrays, in which the reaction
under study is confined and separated from the external medium.
When each GUV is loaded with different reactants using injection
methods, it could mimic a natural intracellular or intraorganellar
environment with high throughput, which would be very useful in
a variety of fields such as biodetection or the study of biochemical
reaction dynamics.
2.2. Direct observation of reversible ATP synthesis/hydrolysis
of F0F1-ATPase in GUV microarrays
Here, we continued to use such GUV patterns to study the
reversible ATP synthesis/hydrolysis of F0F1-ATPase within
chromatophores. It is well known that F0F1-ATPase is a reversible
ATP synthesis/hydrolysis molecular machine combined with
reversible proton pump out/in. When the F1-ATPase rotates
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clockwise, ATP is synthesized from ADP and phosphorus, and
the protons are pumped out of the chromatophore. This causes a
decrease in the pH value in the external environment. Conversely,
hydrolysis of ATP results in counterclockwise rotation of F1ATPase and drives the pumping of protons into the chromatophore from the external environment. This causes an increase in
pH value outside the chromatophores. Here, pH-sensitive
quantum dots, which have a pH sensitivity range from 6 to 9,
bound to the outer surface of the chromatophores through
electrostatic force, then were used as the indicator for ATP
synthesis/hydrolysis (shown in Fig. 2 of Supporting materials);
the binding efficiency and detailed mechanism have already been
published by our group [23]. The fluorescence intensity of
quantum dots increases with the decrease in pH value in the
external environment. So, these pH-sensitive quantum dots will
be a reliable proton flux/efflux indicator in these ultrasmall
reaction containers with confined volumes. The increase in
fluorescence intensity in the GUVs reflects ATP synthesis, and the
decrease in fluorescence intensity reflects ATP hydrolysis.
Fig. 3A shows a brightfield image of a GUV with 50 μm
diameter (approximately 65 pL in volume) formed by rehydration
in PBS buffer. ADP synthesis buffer with a final ADP
concentration of 2 mM was injected with the patch approach to
initiate the reversible ATP synthesis/hydrolysis reaction of F0F1ATPase. Fig. 3B shows the time-lapse fluorescence image of
GUV corresponding to Fig. 3A. In Fig. 3B, there are some

Fig. 3. (A) The visible light image of GUV with 50-μm feature which was formed by rehydration in PBS buffer; (B) reversible fluorescence intensity change of GUVs
with 50-μm feature caused by reversible ATP synthesis/hydrolysis indicated by pH-sensitive quantum dots which were labeled on the outer surface of chromatophores.
The small brighter circles inside the GUV are the assembled quantum dots labeled chromatophores; the fluorescence in the GUVs around the brighter circles is the
dispersed quantum dots labeled chromatophores. (C) The fluorescence intensity curve corresponding to panel B.
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brighter small circles inside the GUV; they are much more bigger
than chomatophores (diameter around 60 nm in average), so they
could be assembled quantum dot-labeled chromatophores.
Fig. 3C shows the fluorescence intensity curve corresponding to
Fig. 3B. According to Fig. 3B, it is clear that reversible ATP
synthesis/hydrolysis can successfully initiate in such GUVs, but
the microarray features of these GUVs were entirely destroyed by
such drastic hydration conditions (data not shown).
Fig. 4A shows the time-lapse fluorescence images of GUV
microarrays with 4 μm diameter feature size (approximately 32 fL
in volume) undergoing reversible ATP synthesis/hydrolysis, while
Fig. 4B shows the fluorescence intensity curve corresponding to
Fig. 4A. These figures further confirm the previous results that
these reactions can take place in much smaller spaces and under

much gentler hydration conditions. These gentle conditions can
retain the microarray feature of GUVs.
It can be seen from Figs. 3 and 4 that the reversible proton
efflux/flux during ATP synthesis/hydrolysis can be detected
sensitively. This was mainly because of the ultra-small volume
of the GUV container and the ultra-sensitivity response of the
quantum dots to pH change. When ADP is injected, the high
ADP concentration will drive the F0F1-ATPase synthesis of
ATP from ADP; when most of the ADP is consumed by F0F1ATPase, there will be a higher ATP concentration than the ADP
concentration in the solution. The higher ATP concentration
will force F0F1-ATPase to change its conformation from
synthesis status to hydrolysis status, and hydrolyze the
synthesized ATP, then repeat the synthesis process. In this

Fig. 4. (A) Reversible fluorescence intensity change of GUVs with 4-μm feature caused by reversible ATP synthesis/hydrolysis indicated by pH-sensitive quantum
dots which were labeled on the outer surface of chromatophores; (B) the fluorescence intensity curves corresponding to panel A; 1, 2, 3 … 9 marked in panel A present
the different GUVs, the corresponding intensity curve of the marked GUV was shown in panel B indicated by corresponding number.
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way, a reversible cycle of ATP synthesis/hydrolysis can be
produced. In this manner we believe that equilibrium between
ATP and ADP concentrations will be reached, and then the
reversible hydrolysis/synthesis cycle would stop, without
further change in fluorescence intensity. In our experimental
system, we did observe that most of the GUVs would stop
working after several cycles (data not shown). But the detailed
biochemical mechanism of the automatic reversible ATP
synthesis hydrolysis/synthesis is still not clear and is being
studied at the moment.
The cycle of reversible ATP synthesis/hydrolysis is about
5 min in such GUV patterns with a confined environment, and
all of the GUV containers had very similar fluorescence
oscillation frequencies. If all of the injected ADP (ATP) is
consumed by F0F1-ATPase in each cycle, the ADP synthesis/
hydrolysis velocity can be roughly estimated in such confined
spaces. It was about 15.5ADP (ATP) s− 1 for each chromatophore
(F0F1-ATPase) on average. This velocity is about 50% of the
reported maximum rate of ATP synthesis/hydrolysis at room
temperature [19].
The exact mechanism of reversible ATP synthesis/hydrolysis
of F0F1-ATPase is well known, but such automatic reversible
synthesis/hydrolysis in an artificial system has not been achieved
before. Such automatic ATP/ADP oscillations in a biomimetic
environment not only directly demonstrate the reversible
mechanism of F0F1-ATPase, but also provide a potential
application of such a device for energy storage.
3. Conclusion
In this work, we describe a method to generate controllable
GUV patterns; then we used these GUV patterns to observe the
reversible ATP hydrolysis/synthesis of F0F1-ATPase in a confined
biomimetic environment directly. Automatic reversible fluorescence oscillation was achieved in such GUV patterns. To the best
of our knowledge, this is the first time that the creation of GUV
microarrays and the direct demonstration of the reversible ATP
hydrolysis/synthesis behavior of F0F1-ATPase on a bulk scale
have been reported.
The GUV patterns presented here also provide a tool that can
be applied to study other confined biochemical reactions with
high throughput, such as in developing biomimetic model
systems for intracellular biochemical reactions, investigating a
few or even single enzyme turnovers in a controlled environment,
or serving as a platform for constructing complex biosensors.
Meanwhile, F0F1-ATPase will be an ideal motor and energy
providing system for a micro/nanomachine because of its small
size, smart and perfect structure, and ultra-high energy transfer
efficiency [28]. Developing its automatic synthesis/hydrolysis
will be very useful in micro/nanosystems for energy provision or
energy storage for the extensively researched bio-motors such as
kinesin or RNA motor. This can accelerate the engineering
applications of such bio-motors. Furthermore, the periodically
reversible fluorescence intensity oscillation of these GUVpatterns can also be used as a microarray in a low-frequency
generator that would be very interesting for biomedical applications in the future.
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