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ABSTRACT
Important progresses have been achieved in the past years in the field of bottom-up synthetic
biology, especially aiming at constructing cell-like systems based on lipid vesicles (liposomes)
entrapping both biomolecules or synthetic compounds. These “synthetic cells”mimic the behaviour
of biological cells but are constituted by a minimal number of components. One key aspect related
to this research is the energetic needs of synthetic cells. Up to now, high-energy compounds have
been given in order to drive biochemical reactions inside the vesicle lumen. In order to be
autonomous, synthetic cells must produce their own biochemical energy from available energy
sources. At this aim we started a long-term research program focused on the construction of
photoautotrophic synthetic cells, starting with the reconstitution, in active and highly oriented
form, of the photosynthetic reaction centre in giant lipid vesicles (Altamura et al., PNAS 2017, 114,
3837–3842). Here we comment this first milestone by showing the synthetic biology context
wherein it is developed, the future steps, and the experimental approach that might allow such an
achievement.
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Bottom-up SB and the construction of cell-like
systems

When, in the early 1990s, pioneer research on the con-
struction of autopoietic minimal cell-like systems was
carried out at the ETH in Zurich, mainly thanks to the
efforts of P. L. Luisi, P. Walde, and T. Oberholzer,1-4 the
term ‘synthetic biology’ (SB) was known only to the
science historians who recalled the book “La Biologie
Synth�etique” by St�ephane Leduc (1853–1939).5 Leduc’s
approach to the synthesis of life (based on inorganics
and osmotic growths, resulting also in the so-called
“chemical gardens”) may appear na€ıve today, but it was
based on a profound, fundamental, and still open ques-
tion, i.e., can we build a living cell from inanimate
matter?

This important and still unsolved question, has been
addressed again and again in the history of science, as
done by the above-mentioned Swiss team more than
25 years ago. In particular, their pioneering approach
was based on the increased knowledge of biological sys-
tems, and, importantly, developed under the elegant

theoretical framework of the autopoiesis.6-8 Today, this
research has become a rich and fecund research program
of SB, the modern biology branch born in the 2000s by
applying engineering principles to biology.9,10 In particu-
lar, the question is addressed within the bottom-up SB
approach (Fig. 1a).

The core idea is that it should be possible to build syn-
thetic cells starting from biological molecular parts (lip-
ids, proteins, nucleic acids, …), and even from non-
biological ones, like carrier polymers11 or functionalised
carbon nanotubes,12 metal nanoparticles exhibiting cata-
lytic activity,13 fluorescent compounds for diagnostic or
analytic purposes.14 By combining both these different
kind of constituents, it would be possible to form hybrid
structures designed for performing specific tasks or suit-
able for mimicking complex cellular behaviours in agree-
ment with the constructive-knowledge paradigm (this
paradigm can be summarized by the famous Feynman’s
sentence: “What I cannot create, I do not understand”).
In order to construct synthetic cells, self- and/or guided-
multimolecular assembly should be mastered. The
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long-term goal of this research is the construction of a
living and minimal synthetic cell. It might look as a sort
of Faustian dream, but actually is strongly connected
with cutting-edge biotechnology.

Clearly, the construction of synthetic cells is very chal-
lenging, but it has become evident that a lot of knowl-
edge can be extracted even by the exploration of
intermediate steps along this route. The construction of
synthetic cells contributes in several ways to improve our
scientific vision, and stimulate technical progresses. For
example: (1) it helps understanding the self-assembly
and self-organization mechanisms that led to the onset
of early life; (2) it represents a practical way to imple-
ment the theory of autopoiesis in the chemical/biochemi-
cal domain; (3) it provides a set of tools for generating
knowledge according to the “understanding-by-build-
ing” Feynman’s paradigm; (4) it contributes to develop
novel biotechnological tools based on cell-like artificial
systems, for bioassays, diagnostics, nanomedicine, and
more; (5) it is a simplified matrix for rigorous quantita-
tive models and mechanistic enquiring of molecular sys-
tems (whose study in living cells is hampered by the
presence of ‘noisy’ background processes).

Today, the efforts toward the construction of syn-
thetic cells in the laboratory are based on the conver-
gence and integration of four elements: liposome
technology,15 cell-free systems,16,17 microfluidics,18 and

modelling.19-22 Most of previous research, reviewed in
refs. 23–25 were focused on investigating the formation
and the properties of microcompartments (mainly lipid
vesicles, or liposomes) and on studying reactions inside
the liposome aqueous lumen. Giant vesicles (GVs,
Fig. 1b) have been often used because of their size
(> 1 mm), which allows direct visualization by light
microscopy. For its theoretical and practical importance,
protein synthesis inside GVs has been widely explored
and can now be considered generally well understood.
Coupled transcription-translation systems can be
encapsulated inside the vesicle lumen, so to synthesize
water-soluble proteins from their DNA sequences. The
resulting functionalised vesicles perform specific func-
tions embodied in the synthesized proteins and in their
activity.

The need of implementing an energy-production
module in synthetic cells

In this rapidly evolving and challenging scenario, we
recently reported a first step toward the construction of a
molecular device capable of producing chemical energy
(i.e., ATP) inside synthetic cells.26 Our work has been
innovative both for being a novel and perhaps decisive
topic in synthetic cell research, and for the employed
methods/achieved results. In particular, we have

(b)(a)

Figure 1. Bottom-up approach to synthetic biology. (a) bottom-up approaches in SB, also called cell-free SB approaches, or “chemical”
synthetic biology foresee the investigation on a number of topics, among which the assembling synthetic cells from separated compo-
nents is a major one. In particular, this kind of synthetic cells should be seen as opposed to the alternative practice based on the intro-
duction of a synthetic chromosome in a living cell deprived of its own native genetic material.49 (b) Giant lipid vesicles are often used
for constructing cell-like systems. The picture shows calcein-filled vesicles whose membranes have been stained by Trypan Blue. Repro-
duced from;50 an open access publication distributed according to the CC-BY license.
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reconstituted the Rhodobacter sphaeroides photosynthetic
reaction centre (RC) in the membrane of GVs by a novel
methodology allowing the physiological orientation
(ca. 91%) of RC in the lipid membrane. In this procedure
RC retains its photo-activity, being able to produce, under
red-light illumination, a proton gradient across the GVs
membrane (ca. 0.061 pH units per minute). Moreover, it
maintains its functionality for at least one day.

The work represents the first step of a more elabo-
rated and ambitious goal, which we have designed and
that is currently under scrutiny in our laboratory (for
preliminary reports, see refs. 27, 28). The system is com-
posed by three integral membrane proteins/complexes
(see Fig. 2a):
(a) the above mentioned RC, which transduces light

energy in chemical energy (a proton gradient,
alkaline inside the synthetic cell), producing a
redox couple (oxidised cytochrome c2 and quinol);

(b) the cytochrome bc1 complex, which, starting from
the redox couple generated by RC, reverts it back
to the original compounds (reduced cytochrome
c2 and quinone), further strengthening the proton
gradient in the same direction;

(c) the ATP synthase, which exploits the proton gra-
dient generated by the light-driven RC/cyto-
chrome bc1 cycle, and produces ATP inside the
synthetic cell, from ADP and inorganic phosphate.

(Note that by quinone/quinol we refer to ubiquinone/
ubiquinol or to their mimics, like decylubiquinone/decy-
lubiquinol or similar compounds).

Figure. 2b shows the system we have in mind. It con-
sists in a physiological-like arrangement of these three
proteins in GVs with the explicit goal of producing ATP
inside the vesicles after actinic irradiation. Such ATP
molecules would then fuel other biochemical processes
occurring inside each single vesicle, thus contributing to
construct an autonomous synthetic cell. It is important
to recall that in order to achieve this goal, it is necessary
to control in a detailed manner the insertion of these
three proteins in the lipid bilayer. Several open questions
are related to the successful realization of this multi-
component system, which includes the orientation and
the concerted activity of the three proteins. Moreover, it
is of practical relevance the development of innovative
and general experimental methods for its realization.

But there is also an important conceptual implication
related to this project. A system capable of producing
compartmentalized ATP under illumination, and use the
in situ produced ATP for fuelling other reactions, is a
light-driven far-from-equilibrium system. Complex pat-
terns like the onset of metabolic cycles, the generation of
genetic information, sustained protein coding, genetic
oscillations, etc. are possible, ultimately, from this very

peculiar thermodynamic state, which is typical of dissi-
pative structures, as insightfully evidenced by Ilya Prigo-
gine in his fundamental works on non-equilibrium
thermodynamics.29,30

The droplet transfer method

Central to our approach is the so-called ‘droplet transfer’
method for the production of GVs. This method,

(b)

(a)

Figure 2. Light-transducing systems. (a) Expected location and
orientation of the photosynthetic reaction centre (RC), cyto-
chrome bc1 complex (bc1), and ATP synthase across the lipid
bilayer (grey region). The reactions catalysed by these proteins
are shown, based on current biochemical knowledge. In particu-
lar, RC converts – under irradiation – the quinone Q to quinol
QH2, abstracting two protons from the cytoplasm-like side and
oxidising cytochrome c2. In contrary, bc1 catalyses the opposite
reactions and further contributes to the proton gradient, which is
acidic outside. ATP synthase exploits the proton gradient (dissi-
pating it; note that n D number of c subunits of ATP synthase/
351) and catalyses the formation of ATP. (b) Ideal arrangement of
RC, bc1, and ATP synthase in an artificial vesicle, in order to func-
tion as transductor of light into intra-vesicle chemical energy, via
generation of a proton gradient (acid outside). Such a system is
currently under investigation in our laboratory. Note that
although previous work has reconstituted ATP synthase in
vesicles, the protein orientation is opposite, and produces ATP
outside vesicles, with no utility for the compartment.
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sometimes called ‘emulsion inversion’, was reported by
Weitz and collaborators in 2003,31 as well as by
others,32,33 originally aiming at the formation of asymmet-
ric vesicles.34 The method consists in the transformation
of water-in-oil (w/o) droplets, coated by a lipid mono-
layer, into vesicles (Fig. 3). This is possible if the w/o
droplets acquire a second lipid monolayer during transfer
to an aqueous phase, so to form a bilayer. The lipid coat-
ing of the w/o droplets will constitute the inner mem-
brane leaflet, whereas the lipids added during the w/o
droplet transfer will constitute the outer membrane leaflet.
Details of the method are described in the figure caption
and elsewhere.35 The important point is that it is quite
easy to form solute-filled w/o droplets just by emulsifying
a small volume of an aqueous solution in a lipid oil solu-
tion (lipids are necessary to stabilize the w/o droplet inter-
face). The successive transfer of the w/o droplets in water
occurs with variable efficiency, but it is generally possible
to obtain solute-filled GVs quite easily. For this reason

the droplet transfer method has been employed in bot-
tom-up SB for constructing cell-like systems.

Noireaux and Libchaber used this method for express-
ing a protein inside GVs for a prolonged period of four
days36 (this was possible because of a-haemolysin pores,
allowing nutrients enter the vesicles). Yomo and collabo-
rators largely employed this method for assessing several
important physico-chemical facets of transcription-
translation reactions inside vesicles, often analysed by
flow-cytometry.37-39 Our optimisation40,41 involves the
use of a sugar density gradient (originally introduced by
Hamada and coworkers, (see ref. 42 for details) for facili-
tating the droplet transfer, and the extension of the
method to mixed phospholipid/fatty acid mixed GVs43],
and the encapsulation of water-soluble compounds,
included the transcription-translation system.42-44

However, the real novelty that we intend to comment
here is the extension of the droplet transfer method to
reconstitute membrane proteins (whereas the above

(a) (c)(b)

Figure 3. Preparation of GVs by the droplet transfer method. (a) A lipid-in-oil solution is gently stratified over an “outer” aqueous solu-
tion (O-solution) which will constitute the external phase of GVs. The lipid molecules will organize in form of a monolayer at the water/
oil interface (w/o interface) as schematically shown in the zoom on the left. (b) In another vial, a small amount of “inner” aqueous solu-
tion (I-solution) is emulsified in a lipid-containing oil solution, so that millions of water-in-oil droplets (w/o droplets) are obtained. The
resulting emulsion is gently poured over the system prepared in (a). For the sake of simplicity, only one w/o droplet is shown. It can be
seen that the w/o interface and w/o droplet are coated (stabilized) by two oppositely oriented lipid monolayer, which could form a
bilayer when in contact. (c) The system is then centrifuged so that the w/o droplets sediment at the w/o interface, and cross it, becom-
ing covered by the second lipid monolayer, forming a lipid bilayer, as schematically shown in the zoom on the right.
Consequently, w/o droplets become completely covered by a lipid bilayer when successful transferred in the O-solution (not shown).
Note that w/o droplet sediment in the oil phase due to the density difference between oil and water, but in order to efficiently enter
the aqueous phase, I-solution and O-solution, although isotonic, are prepared at two different densities (sucrose in I-solution, glucose in
O-solution). Due to this density difference, GVs travel through the whole vial during centrifugation and are generally collected on the
bottom of the vial. Note that, as the bilayer is stepwise constructed by juxtaposing two monolayers, these can be different, and this
method can be adopted for the construction of asymmetric vesicles. The droplet transfer method is typically used to prepare solute-filled
GVs as these kinds of solutes are easily entrapped in w/o droplets. The reconstitution of a membrane protein can occur – in principle –
from the inside or from the outside (see text for details).
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examples refer to the encapsulation of water-soluble
compounds). As described in our work26 and in a previ-
ous report,47 the rationale is the following. The starting
point of most membrane protein reconstitution proce-
dure is a micellar solution, i.e., a solution made of a
membrane protein surrounded by suitable micelle-form-
ing surfactants (and possibly strongly bound lipids,
residual from the extraction procedure). When applied
to the droplet transfer, protein micelles are encapsulated
inside w/o droplets aiming at the insertion of the protein
in the vesicle bilayer. It is expected that micelles deliver
the protein to the droplet monolayer or vesicle bilayer
driven by hydrophobic interactions. However, the actual
insertion of the protein is spontaneous and ultimately
controlled by protein/lipids interactions. We reasoned
that if a protein has an asymmetrical distribution of
polar and non-polar regions, its insertion in the lipid
monolayer or bilayer will follow a preferential route,
leading to a selective orientation. This is well evident in
the RC case, because this protein is composed by three
subunits, two of which are hydrophobic and one hydro-
philic. It is expected, therefore, that a vectorial insertion
occurs, leading to high orientation (the polar side faces
inside the vesicle).

Current observations do not allow to specify the exact
moment of protein insertion. There are at least three
working hypothesis, which might be called “early”, “late”
or “on the fly” insertion (Fig. 4). “Early” insertion fore-
sees that the protein already inserts in the w/o droplet
monolayer, with a specific orientation, guided by the
nature of the water/lipid/oil interface, which is per se a
strong vectorial microenvironment. The partially
inserted proteins complete their insertion, spanning
throughout the lipid bilayer, after the droplet transfer or
while the droplet is moving across the oil/water interface.
In contrary, “late” insertion would occur if the protein
micelles insert in the vesicle bilayer, not in the w/o drop-
let monolayer. In other words, the reconstitution would
occur only after the transformation of droplets into
vesicles. The “on the fly” model would correspond to the
insertion of a membrane protein in the nascent lipid
bilayer while it is assembled (the lipid bilayer self-assem-
bles in a zip-like mechanism48), namely, in the transient
moment when the droplet is being transformed into a
vesicle (Fig. 3, right side).

Elucidating these mechanistic aspects, and discovering
the details of membrane protein reconstitution in GVs
prepared by the droplet transfer method are some of the
next questions to address. Another question focuses on
testing the general applicability of this method for recon-
stituting the very different types of membrane proteins.
Finally, in the case of membrane proteins that require an
opposite orientation (the polar side facing outside

vesicles) it has been proposed,28 but not yet tested, that
the micellar solution of the protein of interest should be
included in the O-solution and not in the I-solution (for
explanation of these terms, see Fig. 3 caption). In this
way, the insertion of a membrane protein from outside
should be allowed, maybe according to some of the pos-
tulated mechanisms sketched above.

Concluding remarks

While the research on synthetic cell is well progressing,
not much attention has been given, instead, neither to
reaction occurring on the liposome membranes nor on
the apparatus for chemical energy production from the
resource present in the external surroundings. However
membrane-bound proteins can exert this important bio-
logical function making synthetic cells able to self-suste-
nance by transducing light into chemical energy stored
as high energy compounds. This represents a first step
towards the implementation of real self-maintaining
organisms, i.e. the artificial autopoiesis, and requires
urgent and extensive investigations on such systems
whose understanding will be functional to the future
construction of synthetic cells.

Figure 4. Hypothetical mechanisms of membrane protein inser-
tion in the lipid monolayer or bilayer as resulting from the drop-
let transfer method. Membrane protein (MP) is shown in
magenta, but for the sake of simplicity the surfactant layer
around it (i.e., which stabilizes it and solubilizes it as a micelle)
has not been drawn. “Early” insertion means that MP inserts (par-
tially) in the lipid monolayer as soon as w/o droplets are prepared
from an I-solution containing MP micelles. “On the fly” insertion
means that MP inserts as soon as a lipid bilayer is being formed,
i.e., in the exact moment of droplet-to-vesicle transformation,
when the two oppositely facing lipid monolayers juxtapose to
each other like in a zip mechanism. “Late” insertion means that
MP micelles insert into the lipid bilayer only after it has been
formed, i.e., in the vesicle membrane, from inside. See text for
further details.

COMMUNICATIVE & INTEGRATIVE BIOLOGY e1365993-5



Disclosure statement

No potential conflicts of interest were disclosed.

Acknowledgments

The authors would like to acknowledge M. Trotta and F.
Milano for the scientific collaboration on this topic, due to
their expertise on the photosynthetic reaction centre. Collabo-
ration among the authors has been fostered by the European
COST Actions CM1304 (Emergence and Evolution of Com-
plex Chemical Systems).

Funding

This work was supported by the Ministero dell’Istruzione,
dell’Universit�a e della Ricerca under Grants number
2010BJ23MN (Nanostructured Soft Matter) and PONa300369
(Laboratorio Sistema).

ORCID

Pasquale Stano http://orcid.org/0000-0002-2228-2825
Emiliano Altamura http://orcid.org/0000-0003-3171-6645
Fabio Mavelli http://orcid.org/0000-0003-0299-0012

References

[1] Walde P, Goto A, Monnard P, Wessicken M, Luisi P.
Oparins Reactions Revisited – Enzymatic-Synthesis of
Poly(adenylic Acid). J Am Chem Soc. 1994;116:7541-7.
doi:10.1021/ja00096a010

[2] Oberholzer T, Wick R, Luisi PL, Biebricher CK. Enzy-
matic RNA replication in self-reproducing vesicles: an
approach to a minimal cell. Biochem Biophys Res Com-
mun. 1995;207:250-7. doi:10.1006/bbrc.1995.1180.
PMID:7531971

[3] Luisi PL, Walde P, Oberholzer T. Lipid vesicles as possi-
ble intermediates in the origin of life. Current Opinion in
Colloid & Interface Science. 1999;4:33-9. doi:10.1016/
S1359-0294(99)00012-6

[4] Oberholzer T, Nierhaus KH, Luisi PL. Protein expres-
sion in liposomes. Biochem Biophys Res Commun.
1999;261:238-41. doi:10.1006/bbrc.1999.0404. PMID:
10425171

[5] Leduc S. La Biologie Synth�etique. 1st Ed. Paris: A. Poinat;
1912.

[6] Varela FJ, Maturana HR, Uribe R. Autopoiesis: The orga-
nization of living systems, its characterization and a
model. Biosystems. 1974;5:187-96. doi:10.1016/0303-
2647(74)90031-8

[7] Luisi PL, Varela FJ. Self-replicating micelles — A chemical
version of a minimal autopoietic system. Origins Life Evol
Biosphere. 1989;19:633-43. doi:10.1007/BF01808123

[8] Luisi PL. Autopoiesis: a review and a reappraisal. Natur-
wissenschaften 2003;90:49-59. PMID:12590297

[9] Endy D. Foundations for engineering biology. Nature.
2005;438:449-53. doi:10.1038/nature04342. PMID:
16306983

[10] De Lorenzo V, Danchin A. Synthetic biology: discovering
new worlds and new words. EMBO Rep. 2008;9:822-7.
doi:10.1038/embor.2008.159. PMID:18724274

[11] Fox ME, Szoka FC, Frechet JMJ. Soluble Polymer Car-
riers for the Treatment of Cancer: The Importance of
Molecular Architecture. Acc Chem Res. 2009;42:1141-51.
doi:10.1021/ar900035f. PMID:19555070

[12] Annese C, D’Accolti L, Giambastiani G, Mangone A,
Milella A, Tuci G, Fusco C. Tunable epoxidation of single-
walled carbon nanotubes by isolated methyl(trifluoro-
methyl)dioxirane. European Journal Organic Chemistry.
2014;2014:1666-71. doi:10.1002/ejoc.201301585

[13] Cuenya BR. Synthesis and catalytic properties of metal
nanoparticles: Size, shape, support, composition, and oxi-
dation state effects. Thin Solid Films. 2010;518:3127-50.
doi:10.1016/j.tsf.2010.01.018

[14] Xinyu Z, Shuqing H, Mei CT. Advancements in infrared
imaging platforms: complementary imaging systems and
contrast agents. J. Mater. Chem. B. 2017;5:4266-75.
doi:10.1039/C7TB00123A

[15] Walde P. Preparation of Vesicles (Liposomes). In: Ency-
clopedia of Nanoscience and Nanotechnology. H. S.
Nalwa; 2004. pages 43-79.

[16] Shimizu Y, Inoue A, Tomari Y, Suzuki T, Yokogawa T,
Nishikawa K, Ueda T. Cell-free translation reconstituted
with purified components. Nat Biotechnol. 2001;19:751-
5. doi:10.1038/90802. PMID:11479568

[17] He M. Cell-free protein synthesis: applications in proteo-
mics and biotechnology. N Biotechnol. 2008;25:126-32.
doi:10.1016/j.nbt.2008.08.004. PMID:18786663

[18] van Swaay D, deMello A. Microfluidic methods for form-
ing liposomes. Lab Chip. 2013;13:752-67. doi:10.1039/
c2lc41121k. PMID:23291662

[19] Mavelli F, Stochastic simulations of minimal cells: the
Ribocell model. BMC Bioinformatics. 2012;13:S10.
doi:10.1186/1471-2105-13-S4-S10. PMID:22536956

[20] Mavelli F, Altamura, E, Cassidei, L, Stano, P Recent The-
oretical Approaches to Minimal Artificial Cells. Entropy.
2014;16:2488-511, doi:10.3390/e16052488

[21] Mavelli F, Stano P. Experiments on and Numerical
Modeling of the Capture and Concentration of Tran-
scription-Translation Machinery inside Vesicles. Artif
Life. 2015;21:445-63. doi:10.1162/ARTL_a_00187.
PMID:26545162

[22] Mavelli F, Altamura E, Stano p. Giant Vesicles as Compart-
mentalized Bio-reactors: A 3D Modelling Approach. In
Rossi F, Mavelli F, Stano P, Caivano D (eds.) 10th Italian
Workshop, WIVACE. vol. 587. CCIS; 2015. p. 184-196.

[23] Mansy SS, Szostak JW. Reconstructing the emergence of
cellular life through the synthesis of model protocells.
Cold Spring Harb Symp Quant Biol. 2009;74:47-54.
doi:10.1101/sqb.2009.74.014. PMID:19734203

[24] Stano P, Carrara P, Kuruma Y, Souza TP de, Luisi PL.
Compartmentalized reactions as a case of soft-matter
biotechnology: synthesis of proteins and nucleic acids
inside lipid vesicles. J Mater Chem. 2011;21:18887-902.
doi:10.1039/c1jm12298c

[25] Ichihashi N, Yomo T. Constructive Approaches for
Understanding the Origin of Self-Replication and Evolu-
tion. Life (Basel). 2016;6:26.

[26] Altamura E, Milano F, Tangorra RR, Trotta M, Omar
OH, Stano P, Mavelli F. Highly oriented photosynthetic

e1365993-6 P. STANO ET AL.

http://orcid.org/0000-0002-2228-2825
http://orcid.org/0000-0003-3171-6645
http://orcid.org/0000-0003-0299-0012
https://doi.org/10.1021/ja00096a010
https://doi.org/10.1006/bbrc.1995.1180
https://doi.org/7531971
https://doi.org/10.1016/S1359-0294(99)00012-6
https://doi.org/10.1016/S1359-0294(99)00012-6
https://doi.org/10.1006/bbrc.1999.0404
https://doi.org/10425171
https://doi.org/10.1016/0303-2647(74)90031-8
https://doi.org/10.1016/0303-2647(74)90031-8
https://doi.org/10.1007/BF01808123
https://doi.org/12590297
https://doi.org/10.1038/nature04342
https://doi.org/16306983
https://doi.org/18724274
https://doi.org/19555070
https://doi.org/10.1002/ejoc.201301585
https://doi.org/10.1016/j.tsf.2010.01.018
https://doi.org/10.1039/C7TB00123A
https://doi.org/11479568
https://doi.org/18786663
https://doi.org/10.1039/c2lc41121k
https://doi.org/23291662
https://doi.org/22536956
https://doi.org/10.3390/e16052488
https://doi.org/10.1162/ARTL_a_00187
https://doi.org/26545162
https://doi.org/19734203
https://doi.org/10.1039/c1jm12298c


reaction centers generate a proton gradient in synthetic
protocells. Proc Natl Acad Sci USA 2017a;114:3837-42.
doi:10.1073/pnas.1617593114

[27] Rich PR, Heathcote P. Light-activated proton-motive
force generation in lipid vesicles containing cytochrome
bc1 complex and bacterial reaction centres. Biochimica et
Biophysica Acta (BBA) – Bioenergetics. 1983;725:332-40.
doi:10.1016/0005-2728(83)90207-4

[28] Altamura E, Fiorentino R, Milano F, Trotta M, Palazzo
G, Stano P, Mavelli F. First moves towards photoautotro-
phic synthetic cells: in vitro study of photosynthetic reac-
tion centre and cytochrome bc1 complex interactions.
Biophys. Chem. 2017;229:46-56. doi:10.1016/j.
bpc.2017.06.011

[29] Prigogine, I. Time, Structure and Fluctuations. in Nobel
Lectures, Chemistry 1971–1980 263–285, World Scien-
tific Publishing Co; 1977.

[30] Glansdorff, P. & Prigogine, I. Thermodynamic theory of
structure, stability and fluctuations. Wiley-Interscience;
1971.

[31] Pautot S, Frisken BJ, Weitz DA. Production of unilamel-
lar vesicles using an inverted emulsion. Langmuir.
2003a;19:2870-9. doi:10.1021/la026100v

[32] Zhang L, Hu J, Lu Z. Preparation of Liposomes with a Con-
trolled Assembly Procedure. J Colloid Interface Sci.
1997;190:76-80. doi:10.1006/jcis.1997.4820. PMID:9241144

[33] Xiao Z, Huang N, Xu M, Lu Z, Wei Y. Novel Preparation
of Asymmetric Liposomes with Inner and Outer Layer of
Different Materials. Chemistry Letters. 1998;27:225-6.
doi:10.1246/cl.1998.225

[34] Pautot S, Frisken BJ, Weitz DA. Engineering asymmetric
vesicles. Proc Natl Acad Sci USA. 2003;100:10718-21.
doi:10.1073/pnas.1931005100. PMID:12963816

[35] Walde P, Cosentino K, Engel H, Stano P. Giant vesicles:
preparations and applications. Chembiochem. 2010;11:848-
65. doi:10.1002/cbic.201000010. PMID:20336703

[36] Noireaux V, Libchaber A. A vesicle bioreactor as a step
toward an artificial cell assembly. Proc Natl Acad Sci U S
A. 2004;101:17669-74. doi:10.1073/pnas.0408236101.
PMID:15591347

[37] Nishimura K, Matsuura T, Nishimura K, Sunami T,
Suzuki H, Yomo T. Cell-Free Protein Synthesis inside
Giant Unilamellar Vesicles Analyzed by Flow Cytometry.
Langmuir. 2012;28:8426-32. doi:10.1021/la3001703.
PMID:22578080

[38] Nishimura K, Suzuki H, Toyota T, Yomo T. Size control
of giant unilamellar vesicles prepared from inverted
emulsion droplets. J Colloid Interface Sci. 2012b;
376:119-25. doi:10.1016/j.jcis.2012.02.029

[39] Fujii S, Matsuura T, Sunami T, Nishikawa T, Kazuta Y,
Yomo T. Liposome display for in vitro selection and evo-
lution of membrane proteins. Nat Protoc. 2014;9:1578-
91. doi:10.1038/nprot.2014.107. PMID:24901741

[40] Carrara P. Constructing a Minimal Cell. PhD Thesis,
University of RomaTre, Rome, 2011.

[41] Altamura E. Bio-mimetic cell-like soft-matter systems.
PhD Thesis, University “Aldo Moro;” Bari 2014.

[42] Hamada T, Miura Y, Komatsu Y, Kishimoto Y, Vester-
gaard M, Takagi M. Construction of Asymmetric Cell-
Sized Lipid Vesicles from Lipid-Coated Water-in-Oil
Microdroplets. J Phys Chem B. 2008;112:14678-81.
doi:10.1021/jp807784j. PMID:18983183

[43] Carrara P, Stano P, Luisi PL. Giant vesicles “colonies”:
a model for primitive cell communities. Chembio-
chem. 2012;13:1497-502. doi:10.1002/cbic.201200133.
PMID:22689306

[44] Cabr�e EJ, S�anchez-Gorostiaga A, Carrara P, Ropero N,
Casanova M, Palacios P, Stano P, Jim�enez M, Rivas G,
Vicente M. Bacterial division proteins FtsZ and ZipA
induce vesicle shrinkage and cell membrane invagination.
J Biol Chem. 2013;288:26625-34. doi:10.1074/jbc.
M113.491688. PMID:23921390

[45] Grotzky A, Altamura E, Adamcik J, Carrara P, Stano
P, Mavelli F, Nauser T, Mezzenga R, Schl€uter AD,
Walde P. Structure and Enzymatic Properties of
Molecular Dendronized Polymer–Enzyme Conjugates
and Their Entrapment inside Giant Vesicles.
Langmuir. 2013;29:10831-40. doi:10.1021/la401867c.
PMID:23895383

[46] Altamura E, Stano P, Walde P, Mavelli F. Giant vesicles
as micro-sized enzymatic reactors: perspectives and
recent experimental advancements. International Journal
of Unconventional Computing 2015; 11:5-21.

[47] Yanagisawa M, Iwamoto M, Kato A, Yoshikawa K, Oiki S.
Oriented Reconstitution of a Membrane Protein in a Giant
Unilamellar Vesicle: Experimental Verification with the
Potassium Channel KcsA. J Am Chem Soc.
2011;133:11774-9. doi:10.1021/ja2040859. PMID:21702488

[48] Ito H, Yamanaka T, Kato S, Hamada T, Takagi M,
Ichikawa M, Yoshikawa K. Dynamical formation of
lipid bilayer vesicles from lipid -coated droplets across
a planar monolayer at an oil/water interface. Soft
Matter. 2013;9:9539-47. doi:10.1039/c3sm51766g.
PMID:26029760

[49] Hutchison CA, Chuang R-Y, Noskov VN, Assad-Garcia
N, Deerinck TJ, Ellisman MH, Gill J, Kannan K, Karas
BJ, Ma L, et al. Design and synthesis of a minimal bacte-
rial genome. Science. 2016;351:aad6253. doi:10.1126/
science.aad6253. PMID:27013737

[50] Stano P, Mavelli F. Protocells Models in Origin of Life
and Synthetic Biology. Life. 2015;5:1700-2. doi:10.3390/
life5041700

[51] Capaldi RA, Schulenberg B, Murray J, Aggeler R. Cross-
linking and electron microscopy studies of the structure
and functioning of the Escherichia coli ATP synthase. J
Exp Biol. 2000;203:29-33. PMID:10600670

COMMUNICATIVE & INTEGRATIVE BIOLOGY e1365993-7

https://doi.org/10.1073/pnas.1617593114
https://doi.org/10.1016/0005-2728(83)90207-4
https://doi.org/10.1016/j.bpc.2017.06.011
https://doi.org/10.1016/j.bpc.2017.06.011
https://doi.org/10.1021/la026100v
https://doi.org/9241144
https://doi.org/10.1246/cl.1998.225
https://doi.org/12963816
https://doi.org/20336703
https://doi.org/10.1073/pnas.0408236101
https://doi.org/15591347
https://doi.org/10.1021/la3001703
https://doi.org/22578080
https://doi.org/10.1016/j.jcis.2012.02.029
https://doi.org/24901741
https://doi.org/18983183
https://doi.org/10.1002/cbic.201200133
https://doi.org/22689306
https://doi.org/10.1074/jbc.M113.491688
https://doi.org/23921390
https://doi.org/10.1021/la401867c
https://doi.org/23895383
https://doi.org/21702488
https://doi.org/10.1039/c3sm51766g
https://doi.org/26029760
https://doi.org/10.1126/science.aad6253
https://doi.org/27013737
https://doi.org/10.3390/life5041700
https://doi.org/10.3390/life5041700
https://doi.org/10600670

	Abstract
	Bottom-up SB and the construction of cell-like systems
	The need of implementing an energy-production module in synthetic cells
	The droplet transfer method
	Concluding remarks
	Disclosure statement
	Acknowledgments
	Funding
	References

