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Introduction

Compartmentalization of cell-free protein synthesis 
has emerged as a scaffold to build a whole (semi)
synthetic cell following a bottom-up approach [1–6]. 
Encoding functions onto genomic DNA [6] or RNA 
[7, 8] provides a unique route to self-replication 
of the core machinery as alternative approaches 
relying exclusively on purified proteins and RNAs 
are unavoidably destined to death by dilution upon 
division events. This gene-directed strategy comes 

with a great system’s complexity since the entire 
gene expression network itself comprises about 
hundred different components in its minimal form 
[9, 10]. An example of minimal gene expression 
platform is the PURE (protein synthesis using 
recombinant elements) system, an E. coli-based in 
vitro transcription-translation (IVTT) system [9, 10]. 
Its utilization in the context of building a minimal 
synthetic cell is particularly suited as it bypasses 
the endogenous complexity of cell lysates, thereby 
channeling resources (energy-rich phosphate donor 
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Abstract
The biosynthesis of proteins from genomic DNA is a universal process in every living organism. 
Building a synthetic cell using separate biological parts hence implies to reconstitute a minimal 
gene expression apparatus and to compartmentalize it in a cell-mimicking environment. Previous 
studies have demonstrated that the PURE (Protein synthesis Using Recombinant Elements) system 
could be functionally encapsulated inside lipid vesicles. However, quantitative insights on functional 
consequences of spatial confinement of PURE system reactions remain scarce, which has hampered 
the full exploitation of gene-expressing liposomes as the fundamental unit to build an artificial 
cell. We report on direct imaging of tens of thousands of gene-expressing liposomes per sample 
allowing us to assess sub-population features in a statistically relevant manner. Both the vesicle 
size (diameter  <10 μm) and lipid composition (mixture of phospholipids with zwitterionic and 
negatively charged headgroups, including cardiolipin) are compatible with the properties of bacterial 
cells. Therefore, our liposomes provide a suitable chassis to host the Escherichia coli-derived PURE 
translation machinery and other bacterial processes in future developments. The potential of high-
content imaging to identify rare phenotypes is demonstrated by the fact that a subset of the liposome 
population exhibits a remarkably high yield of synthesized protein or a prolonged expression lifespan 
that surpasses the performance of ensemble liposome-averaged and bulk reactions. Among the three 
commercial PURE systems tested, PUREfrex2.0 offers the most favorable phenotypes displaying both 
high yield and long protein synthesis lifespan. Moreover, probing membrane permeability reveals a 
large heterogeneity amongst liposomes. In situ expression and membrane embedding of the pore-
forming connexin leads to a characteristic permeability time profile, while increasing the fraction of 
permeable liposomes in the population. We see diversity in gene expression dynamics and membrane 
permeability as an opportunity to complement a rational design approach aiming at further 
implementing biological functions in liposome-based synthetic cells.
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molecule, nucleoside triphosphates and amino acids) 
for gene expression-related processes only. PURE 
system reaction kinetics have been monitored under a 
variety of initial conditions using different fluorescent 
reporters of mRNA and synthesized protein (see our 
accompanying paper [11] and references therein).

Various types of cell-like compartments have been 
proposed to enclose the biosynthesis apparatus, such 
as phospholipid vesicles (called liposomes) [1–6, 12], 
water-in-oil emulsion droplets [7, 13], peptide [14] and 
polymersome vesicles [15]. In particular, spatial con-
finement of gene expression systems inside liposomes 
provides a chassis that closely emulates the bacterial 
cytoplasmic environment. The mechanical properties 
of the phospholipid bilayers can be exploited to mimic 
cellular processes, e.g. membrane deformation and 
subsequent compartment division [16]. Moreover, the 
lipid membrane can serve as a native-like platform to 
integrate proteins and regulate the ionic and molecu-
lar exchanges with the environment [3, 17–20]. Finally, 
recent progress on in vitro phospholipid synthesis by 
reconstituted bacterial enzymes represents an encour-
aging step towards liposome growth through internal 
production of its membrane constituents [5, 21, 22]. 
Hence, we postulate that liposome-based compart-
ments are uniquely suited to recapitulate biological 
functions in synthetic cell research.

We identify three important requirements to 
develop a robust in-liposome gene expression plat-
form, which will serve as a scaffold to further imple-
ment cellular functionalities. (i) One needs a predictive 
model describing the kinetics of mRNA and protein 
synthesis from single and multiple genes, as well as the 
key factors that govern performance ([11] and refer-
ences therein). (ii) Liposome preparation methods 
need to be compatible with a large variety of lipids (e.g. 
scaffolding, signaling, membrane remodeling active 
lipids) and they should not alter the biological integrity 
of the entrapped compounds or the mechanical prop-
erties of the membrane. Moreover, the methods should 
generate cell-sized (1 μm  <  diameter  <  10 μm) uni-
lamellar vesicles at a yield enabling high-throughput 
quantitative analysis of gene expression dynamics at 
the single liposome level. (iii) The new system’s prop-
erties associated with liposome compartmentalization 
should be apprehended and harnessed. These include 
compositional heterogeneity or stochastic effects aris-
ing from low-copy number of some reactants [23–27], 
possible interaction with the lipidic surface [13], mac-
romolecular crowding [28–30], effects of confinement 
on reaction rates [31], and membrane permeabil-
ity governing molecular exchange with the external 
environment [3].

In this work, we established a robust protocol for 
preparing PURE system-containing liposomes. The 
method was applied to all three commercially available 
PURE system variants, i.e. PURExpress, PUREfrex and 
PUREfrex2.0 (see our accompanying paper [11] for 
details on their composition and bulk reaction prop-

erties). Gene expressing liposomes with sizes and lipid 
composition relevant to bacterial cell physiology have 
been produced at high yield and immobilized for long-
term (>12 h) time-lapse fluorescence imaging of the 
yellow fluorescent protein (YFP) reporter. A dispar-
ity in translation kinetics and end-point protein levels 
between liposomes within a population has previously 
been observed [4, 12, 23, 26, 27, 32] and theoretically 
predicted [33] (for a recent review, see [34]). The high-
content liposome analysis performed here unravels 
new quantitative insights on stochastic enhancement 
and on production differences between the three types 
of PURE system.

Previous attempts to regulate the molecu-
lar exchange between the liposome interior and its 
environment (requirement (iii)) utilized membrane-
spanning protein channels or transporters, such as 
α-hemolysin [3], MScL [18], connexin [17, 19] and 
EmrE [20], exploited transient bilayer defects [4, 23] or 
mild detergent at sub-solubilizing concentration [35]. 
Stable permeability with pore forming proteins could 
potentially alleviate the problem of energy and nutri-
ent shortage inherent to sealed liposomes, with the 
promise of sustained gene expression [3]. We found 
an intrinsic heterogeneity of membrane permeability, 
demonstrated by the fact that liposomes coexisting 
in the same population take up, or not, a fluorescent 
dye with slightly larger size than relevant IVTT nutri-
ents. We then expressed inside liposomes the connexin 
Cx43, a protein channel with a molecular mass cutoff 
of about 1.5 kDa [36], which is suitable for selective 
translocation of low-molecular weight substances. 
We showed that internal production of Cx43 does 
not lower expression of a second gene coding for YFP. 
Interestingly, functional reconstitution of Cx43 leads 
to distinct permeability kinetics with a sharp increase 
after about 60 min expression. However, no prominent 
increase of the YFP yield or translation lifespan could 
be observed, suggesting that the concentration of per-
meable nutrients available in the external solution is 
not limiting PUREfrex reactions in liposomes.

Materials and methods

DNA constructs
A linear DNA template encoding for the eYFP (en-
hanced yellow fluorescent protein) was used to enable 
direct fluorescence readout of the level of synthesized 
protein [32, 37]. Transcriptional elements include the 
T7 promoter and terminator, and the eYFP sequence 
was codon-optimized for expression in the E. coli-
based PURE system [37]. The encoded Spinach RNA 
aptamer was not exploited for quantitative analysis of 
mRNA production (figure S2 (stacks.iop.org/Phys-
Bio/16/045002/mmedia)). Linear DNA constructs 
were regularly prepared by polymerase chain reaction 
using a circular plasmid as template, as also described 
in our accompanying article [11]. The linear Cx43 
construct was prepared from a plasmid coding for 
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the Cx43-eGFP fusion protein [17]. Forward (5′-GC-
GAAATTAATACGACTCACTATAGGGAGACC-3′) 
and reverse (5′-CAAAAAACCCCTCAAGACC-
CGTTTAGAGGCCCCAAGGGGTTATGCTAGTCA-
GATTTCCAGATCATCAGGACGCG-3′) primers 
were used to remove the eGFP sequence.

Liposome preparation
To prepare liposomes containing a PURE system 
reaction mixture, we optimized a method previously 
described by our lab [4, 5]. The experimental 
workflow consists of four main steps: (i) preparation 
of lipid-coated beads, (ii) swelling of the lipid film by 
gentle rehydration with the PURE system solution, 
(iii) freeze-thaw cycles to break multilamellar 
structures and increase encapsulation efficiency, (iv) 
immobilization of liposomes on a coverslip, followed 
by triggering and monitoring gene expression by time-
lapse fluorescence microscopy.

The lipid mixture deposited on the glass beads 
(212–300 μm acid washed glass beads, Sigma Aldrich) 
consists of 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC), 1,2-dioleoyl-sn-glycero-3-phos-
phatidylethanolamine (DOPE), 1,2-dioleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (DOPG), 
1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-
glycerol (cardiolipin), supplemented with 
1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-
PEG-biotin) and Texas Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium 
salt (TR-DHPE). All lipids were from Avanti Polar 
Lipids, except TR-DHPE that was purchased from 
Thermo Fisher Scientific. A lipid matrix with ole-
oyl (18:1) acyl chains and sub-zero phase transition 
temperature was chosen as it enables natural lipid 
film swelling on ice, which prevents gene expres-
sion from starting. A mixture of 2.54 mg DOPC (50 
mol%), 1.68 mg DOPE (36 mol%), 0.58 mg DOPG (12 
mol%), 0.20 mg cardiolipin (2 mol%), 0.05 mg DSPE-
PEG(2000)-biotin (1 mass%) and 0.025 mg TR-DHPE 
(0.5 mass%), all dissolved in chloroform, was prepared 
in a round-bottom flask. The lipid-containing chloro-
form solution was mixed with 100 mM rhamnose dis-
solved in methanol in a 2.5 to 1 ratio, corresponding 
to ten rhamnose molecules per lipid. Then, 1.5 g of 
glass beads was poured to the lipid-sugar mixture and 
the solution was subjected to 2 h of rotary evapora-
tion at 200 mbar and room temperature, followed by 
overnight desiccation, resulting in beads coated with 
stacked lipid bilayers interspersed with rhamnose. 
The addition of the hydrophilic sugar rhamnose to 
the lipid film, combined with the presence of PEG- 
modified lipids, promotes separation of adjacent bilay-
ers and formation of unilamellar vesicles [5, 38].

PUREfrex and PUREfrex2.0 are from GeneFron-
tier Corporation (Chiba, Japan). PURExpress is from 
New England Biolabs. PUREfrex, PUREfrex2.0 and 
PURExpress reaction mixtures were prepared in 0.5 ml 

Eppendorf tubes according to the guidelines provided 
by the manufacturers. The yfp DNA template was 
supplemented at a concentration of 5 ng μl−1 (final 
concentration 7.4 nM). When indicated, 6.25 ng μl−1 
of the Cx43 construct was added. All reactions were 
supplemented with SUPERase RNAse inhibitor (0.75 
U μl−1 final, Invitrogen). An amount of lipid-coated 
beads corresponding to 1.25 mg μl−1 was added to the 
10 μl PURE system solution. Liposomes were formed 
by spontaneous swelling of the lipid film for 2 h on ice, 
during which the samples were regularly subjected to 
manual tumbling. Four freeze-thaw cycles were finally 
applied by dipping samples in liquid nitrogen in order 
to increase liposome unilamellarity and encapsulation 
efficiency.

Surface immobilization of liposomes
Reaction chambers were custom-made by 
sandblasting two holes of 5 mm in diameter in a 1 mm 
thick microscopy slide (Thermo Scientific). A 150 
μm thick coverslip (Thermo Scientific) was glued on 
the microscopy slide with Norland Optical Adhesive 
61 (Norland) to cover the holes on one side forming 
the bottom of the chamber. The sample reservoir was 
functionalized with 1:1 molar ratio of BSA and BSA-
biotin (Thermo Fisher Scientific), and then with 
Neutravidin (Sigma Aldrich), to tether the biotinylated 
liposomes [4]. About 2 μl of the liposome solution was 
carefully pipetted (with a cut tip to avoid damaging 
the liposomes) in the imaging chamber and diluted 
with 5 μl of feeding solution consisting of 4:7 vol/vol 
of PUREfrex Sol I, PUREfrex2.0 Sol I or PURExpress A 
and milliQ supplemented with 83 mg l−1 Proteinase K. 
For permeability assays, 2 μl of milliQ was replaced by 
an equal volume of the dye Cy5 (stock 20 μM), giving 
a final concentration of 3.33 μM. The second reservoir 
was filled with water to saturate the air thereby limiting 
sample evaporation during incubation and imaging. 
Chambers were closed using a 0.5 mm thick double-
sided adhesive silicone sheet (Life Technologies) and 
a cover slide, creating an interconnecting air volume, 
which enables oxygen supply to the reaction.

In-liposome gene expression and image acquisition
Image acquisition was performed using a Nikon 
A1R Laser scanning confocal microscope (LSCM) 
equipped with an SR Apo TIRF 100×  oil immersion 
objective. Samples were mounted in a stage preheated 
to 37 °C and imaged using the laser lines 514 nm 
(YFP), 561 nm (Texas Red) and 640 nm (Cy5), with 
appropriate emission filters. The distance between 
the sample and the objective was adjusted manually 
in order to equatorially dissect as many liposomes as 
possible. For kinetics measurements, the liposome 
sample was mounted in the microscope directly after 
sealing the chamber. An automated image acquisition 
protocol was run for at least 6 h, taking an image every 
10 min. For end-point measurements, the sample 
chambers were first incubated overnight at 37 °C 
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in a plate incubator, before being transferred to the 
microscope. Several YFP acquisition settings were 
applied in order to make optimal use of the dynamic 
range of the detector. Each setting was calibrated 
individually (see below). Montages of six-by-six fields 
of view, stitched with 20% overlap, were acquired. For 
kinetics experiments, gene expression was triggered 
while liposomes were immobilizing on the surface 
to minimize the delay time before imaging (about 
10 min).

High-throughput image analysis
High-throughput analysis of microscopy images 
was performed using a custom-made MATLAB 
(Mathworks) code based on the flood fill (imfill.m) 
algorithm supplied with the MATLAB Image Analysis 
toolbox. The main steps are illustrated in figure  S1. 
In short, after applying a sharpening filter on the 
Texas Red image, the flood fill algorithm increases the 
intensity value of dark pixels surrounded by lighter 
pixels, effectively ‘filling up’ the liposomes. After 
subtraction of the original Texas Red image and 
applying a binary threshold, the resulting image serves 
as a marker for the liposome lumina (figure S1). To 
ensure that only liposomes are marked, and not debris 
or noise, the image is first eroded, and regions that do 
not satisfy the following criterion are dismissed:

0.5 <
P2

4πA
< 2� (1)

where P is the perimeter of the region-of-interest (ROI) 
and A the area. This criterion is established to only 
select circle-like shapes. The resulting marker is used 
to identify pixels corresponding to liposome lumina in 
the YFP and Cy5 channels. The average intensity value 
of each region is measured in both channels. In the 
case of YFP the intensity is converted to concentration 
(see below). In the case of Cy5, this intensity value is 
normalized by dividing by the Cy5 fluorescence of five 
randomly selected extra-liposomal ROI’s per field of 
view. For analysis of time-lapse images, the lumen of 
individual liposomes was traced manually using Fiji 
[39], and the average fluorescence intensity in both YFP 
and Cy5 channels was recorded at every time point.

The radius of each liposome in micrometer is esti-
mated as:

R = 0.25 ×
Ç

2 +

…
3A

2π

å
� (2)

where A is the area of the liposome cross-section in 
pixel. The area is multiplied by a factor of 3/2 to account 
for an underestimation by non-equatorial dissection 
of the liposomes (supplementary text). A value of two 
pixels is added in order to account for the discrepancy 
in size between marker and liposome lumen as a result 
of erosion. To convert pixel values into micrometers, 
the conversion factor of 0.25 μm/pixel specific to the 
imaging setup is applied.

Phenomenological fitting of gene expression 
kinetics
Measured YFP expression kinetics from single 
liposomes were fit with a phenomenological model to 
estimate salient dynamic parameters, such as the final 
yield, YFP production rate and translation lifespan (or 
time to plateau). The following sigmoid equation was 
used [40]:

y = k′ + k
tn

tn + Kn� (3)

where t is the time in minutes, y  the YFP concentration 
at a given time point, and k′, k, K and n are fit 
parameters. Using this expression, the final yield 
corresponds to k and the plateau time—or expression 
lifespan—(not corrected for the maturation time [11, 
37]) is expressed as:

Tplateau =
2K

n
+ K.� (4)

The apparent translation rate, which is defined as the 
steepness at time t  =  K, is:

rate =
kn

4K
.� (5)

Note that these observed kinetic parameters do not 
account for the synthesis of non-fluorescent products.

Calibration of YFP fluorescence intensity into 
protein concentration
Conversion formulas that relate microscopy 
fluorescence to YFP concentrations were obtained via 
a two-step process. First, a bulk PURExpress reaction 
with the yfp DNA construct was run overnight. 
A dilution series of the end-point PURE system 
reaction solution was performed by addition of buffer 
(20 mM HEPES, 180 mM potassium glutamate, 
14 mM magnesium acetate, pH 7.6). For every 
dilution sample, YFP fluorescence was measured in 
a spectrophotometer (Cary Eclipse from Agilent, 
exc/em 515/528 nm), using a 20 μl quartz cuvette 
(Hellma) at 37 °C. Owing to a previously established 
conversion factor [11, 37], the final concentration of 
synthesized YFP can be determined. The same samples 
were measured by LSCM under conditions (chamber, 
settings) identical to those employed for liposome 
experiments. A YFP fluorescence-to-concentration 
conversion factor could be derived for each laser power 
setting used. To correct for significant fluctuations 
of laser power over the period of this study, regular 
calibration was performed.

Fluorescence intensity thresholds were deter-
mined with Fiji [39] to classify liposomes as express-
ing (with YFP) or permeable (with Cy5). For YFP, the 
background fluorescence intensity values of sixty ran-
domly selected ROI’s outside liposomes from six inde-
pendent experiments were measured at various laser 
power settings. The threshold value below which the 
YFP signal within liposomes was considered negligible 
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was defined as the mean plus two standard deviations 
of the calculated background intensity value. This cali-
bration was repeated several times and slightly differ-
ent threshold values were obtained. Similarly, the Cy5 
background intensity value was determined and used 
for normalization of the liposome intensity values. 
Liposomes with a normalized Cy5 signal below 0.75 
were considered empty (impermeable).

Flow cytometry
Liposomes containing PUREfrex 2.0 with or without 
100 ng of DNA were prepared as described above. After 
swelling, 2 μl of liposomes was diluted in 5.5 μl of 
feeding solution (see above) and incubated overnight 
at 37 °C in a BioRad C1000 Touch Thermal Cycler. 
Next, 1 μl of liposome mixture was diluted in 299 μl 
of isotonic buffer (20 mM HEPES, 180 mM potassium 
glutamate, 14 mM magnesium acetate, pH 7.6). Of 
the diluted liposome solution, 200 μl was injected in 
a BD FACSCelesta flow cytometer (BD Biosciences). 
Fluorescence was acquired with the pre-set mCherry 
(for Texas red) and GFP (for YFP) channels. Data was 
analysed using MATLAB and the online Cytobank 
application (https://community.cytobank.org/
cytobank/experiments). The YFP versus Texas Red 
fluorescence intensity scatter plot was compared to the 
expected correlation between the signals of a lumen 
dye and a membrane dye assuming basic geometrical 
considerations. Let assume a population of spherical 
and unilamellar vesicles. Let also assume that both the 
YFP and the Texas Red dyes are randomly distributed 
inside the lumen (following a Poisson distribution) 
or in the membrane of liposomes, respectively. Using 
simple scaling geometrical factors, one obtains:

IYFP ∝ 4

3
πr3� (6)

ITexasRed ∝ 4πr2� (7)

where, r is the liposome radius, IYFP and ITexasRed are 
the fluorescence intensities in the YFP and Texas Red 
channels, respectively. Rearranging to eliminate the 
dependency with respect to r and linearizing on a 
logarithmic scale, one obtains:

log (IYFP) = 1.5 log (ITexasRed) + constant.� (8)

This theoretical correlation was compared to actual 
fluorescence intensity data. Note that IYFP represents 
the integrated intensity of YFP in a given liposome 
and cannot be compared to the mean YFP intensity 
inferred from confocal images.

Bulk gene expression kinetics
Bulk gene expression kinetics were measured with a 
spectrophotometer (Cary Eclipse from Agilent, exc/
em 515/528 nm). PURE system reactions with 5 ng 
μl−1 (7.4 nM) of the yfp construct were assembled 
according to the manufacturers’ instructions. When 
indicated, the Cx43 DNA template was added at a 
final concentration of 6.25 ng μl−1 by substituting 

the equivalent volume of milliQ water. Samples were 
immediately transferred to 20 μl cuvettes (Hellma) and 
loaded into the spectrometer sample holder, preheated 
to 37 °C. Fluorescence intensity was converted into 
YFP concentration using a previously determined 
conversion factor [11].

Polyacrylamide gel electrophoresis
PUREfrex reaction mixtures containing either or both 
yfp and Cx43 DNA constructs (same concentrations as 
indicated for bulk kinetics and liposome experiments) 
were supplemented with 0.5 μl BODIPY-Lys-tRNALys 
(FluoroTect™ GreenLys, Promega), an in vitro 
translation labelling system. The sample was incubated 
for 3 h at 37 °C, denatured for 10 min at 90 °C and 
analysed on a 12% SDS-PAGE using a fluorescence gel 
imager (Typhoon, Amersham Biosciences).

Results

High-throughput quantitative imaging of gene 
expression in individual liposomes smaller than 
ten micrometer reveals stochastic enhancement 
compared to bulk reactions
We first challenged requirement (ii) (see Introduction) 
by preparing bacterial cell-sized liposomes containing 
a mixed lipid composition comprising PC, PE, PG 
and cardiolipin phospholipids. Micrometer glass 
beads were used as a support for the lipid film to 
increase the total surface area and improve the yield 
of liposome production by natural swelling. The 
addition of rhamnose in the interspace between 
the stacked bilayers, combined with the presence 
of PEG-conjugated lipids, facilitate the osmotically 
driven flow of the aqueous solution into the lipid film, 
resulting in a high yield of unilamellar liposomes even 
in physiological buffers with a high ionic strength. 
Liposomes encapsulating PURExpress, PUREfrex 
or PUREfrex2.0, along with a linear DNA construct 
coding for the fluorescent reporter protein YFP, were 
produced. Gene expression was triggered by rising the 
temperature, and both the liposome membrane and 
synthesized YFP were imaged by LSCM.

Tens to hundreds of liposomes can be visualized 
in single fields of view, resulting in  >10 000 vesi-
cles per chamber even after 16 h incubation at 37 °C 
(figure 1(a), supplementary movie). Liposomes of 
various morphologies and sizes are observed. While 
many vesicles are unilamellar, a significant fraction of 
multivesicular and multilamellar liposomes are also 
generated. Most liposomes have a diameter below 
10 μm, satisfying the size criteria that we formulated 
above. Notably, liposomes encapsulating PUREfrex or 
PUREfrex2.0 are on average larger than those contain-
ing PURExpress (mean/median radii are 2.3/2.0 μm, 
2.6/2.1 μm and 1.8/1.5 μm, respectively) (figure 1(c)).

We then examined the activity of the PURE systems 
by imaging YFP fluorescence after overnight expression. 
We applied an image analysis script to automatically  
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identify the liposome lumina and to quantify the 
amount of synthesized active YFP after converting the 
average lumen intensity into protein concentration 
(figure S2). In all three PURE systems, about 30% of 
liposomes exhibit gene expression (determined as the 
signal above an intensity threshold, see Methods). His-
tograms of YFP concentration reveal a high liposome-
to-liposome heterogeneity with all three PURE system 
variants (figure 1(d)). The mean/median concentra-
tion values are 0.5/0.3 μM, 3.5/1.7 μM and 2.6/1.1 μM 
for PUREfrex, PUREfrex2.0 and PURExpress, respec-
tively. Interestingly, the distributions display a long 
tail with a fraction of liposomes outperforming the 
corresponding reaction in bulk (PUREfrex: 5% with 
YFP  >  1 μM, PUREfrex2.0: 1.9% with YFP  >  11 μM, 

PURExpress: 2% with YFP  >  8.5 μM). Heat maps of 
YFP concentration plotted against liposome radius 
indicate no obvious relationship in PUREfrex and 
PUREfrex2.0 within the range of sizes analyzed (figure 
1(e)). In PURExpress, liposomes with a diameter  ⩽3 
μm seem to show higher expression levels but the 
trend is not prominent (figure S3).

To obtain further quantitative insights about the 
number of YFP-expressing liposomes and sample 
heterogeneity, we performed flow cytometry meas-
urements [41]. Using PUREfrex2.0, we found that 
the amount of end-point expressing liposomes per 
microliter of swelling solution was ~75 000, corre
sponding to a concentration of 7.5  ×  107 active vesi-
cles ml−1 (figure 1(b)). Thus, the number of expressing 

Figure 1.  Confocal microscopy reveals stochastic enhancement of YFP expression in cell-sized vesicles. (a) Confocal micrographs 
of representative populations of liposomes (membrane in red) expressing YFP (green) in the three commercially available PURE 
systems. A higher laser power was used for PUREfrex, to compensate for the lower YFP signal. Scale bars are 20 μm. (b) Scatter plot of 
flow cytometry measurements of Texas Red and YFP fluorescence for liposomes containing PUREfrex 2.0 with (purple) and without 
(orange) yfp DNA. The appended dashed line with slope 1.5 represents the theoretical relationship between YFP and Texas Red 
signals in compliance with the assumptions used to derive equation (8). YFP-expressing liposomes correspond to the distinct purple 
cloud that appears in the  +DNA sample. (c) Probability histogram of liposome radii (R) for PUREfrex (N  =  96 924), PURExpress 
(N  =  102 333) and PUREfrex2.0 (N  =  209 870), each from six independent microscopy experiments. (d) Probability histogram 
of YFP concentrations for the liposome populations displayed in (c). Arrows indicate the corresponding bulk YFP yield [11]. The 
low-concentration limit for PURExpress and PUREfrex2.0 is shifted to higher concentration values compared to PUREfrex as a 
consequence of the lower laser power applied. (e) Heat maps of YFP concentration versus liposome radius for the three liposome 
populations shown in (d). White horizontal lines indicate the YFP concentration threshold above which liposomes are considered 
expressing, i.e.: 56.2 nM for PUREfrex, 437 nM for PURExpress and 573 nM for PUREfrex2.0. The color scale indicates the number 
of liposomes. Note that graphs are displayed with logarithmic scales in (c)–(e).
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liposomes per imaging chamber is ~150 000. In equa-
tion (8), we derived the expected relationship between 
the YFP (volume marker) and Texas Red (membrane 
marker) fluorescence intensity values assuming simple 
geometrical and dye partitioning constrains. Accord-
ingly, a regression line with slope 1.5 (representing the 
volume-to-surface scaling factor of a sphere) was cal-
culated and displayed on the fluorescence scatter plot 
shown in figure 1(b). The spread orthogonal to this line 
corresponds to the extent of heterogeneity, or uncorre-
lated variation, with respect to theoretical predictions. 

For instance, data points with ∆log(IYFP)
∆log(ITexasRed)

< 1.5 may 

correspond to multilamellar or elongated vesicles. 
The results show strong uncorrelated variation of 
the YFP-Texas Red paired signals, consistent with the 

observation that liposomes of similar sizes display YFP 
concentrations that can span up to two orders of mag-
nitude (figures 1(d) and (e)).

Single-vesicle gene expression kinetics reveal 
dynamic heterogeneity
Next, we asked whether the large heterogeneity 
in the end-point protein synthesis yield is related 
to differences in the apparent translation rate or 
expression lifespan [11]. We performed time-lapse 
LSCM and tracked the fluorescence intensity of 
YFP inside individual liposomes (figure 2(a)). 
Fluorescence time traces exhibit similar qualitative 
behavior as bulk reaction kinetics: an initial time lag, 
a linear regime with constant slope representing the 

Figure 2.  YFP concentration kinetics reveal heterogeneity in both expression lifespan and translation rate. (a) Timelapse 
microscopy images of PUREfrex-containing liposomes producing YFP at 37 °C. Scale bar is 10 μm and scale is identical in all 
frames. Some vesicles sedimented onto the glass surface in the time course of imaging. (b) Time traces of YFP concentration for 
PUREfrex (N  =  74), PURExpress (N  =  49), and PUREfrex2.0 (N  =  38), each from two independent experiments. Kinetic curves 
are color-coded with respect to the liposome radius R as indicated by the color bar. The black solid lines show the corresponding 
bulk gene expression kinetics. The dotted lines represent the average of the displayed liposome kinetics. (c) Scatter plots of final YFP 
concentration, expression lifespan Tplateau, and apparent translation rate kTL, for the three PURE systems. Similar black symbols 
show the corresponding values from bulk expression kinetics. Parameters are determined by fitting a phenomenological model (see 
methods). (d) Scatter plots of fitted parameters from (c), versus the radius R of the liposome. Color coding is the same as in (c). Note 
that logarithmic plots are shown in (c) and (d) to better visualize the spread of parameter values.
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apparent translation rate and a saturation phase with 
plateauing (figure 2(b)). Using phenomenological 
fitting, the apparent plateau time, translation rate and 
final yield of all individual kinetics were determined, 
their correlations analyzed and their values compared 
to bulk measurements (figure 2(c)). For all three 
parameters, a large variability is observed within 
each PURE system condition. Expression times vary 
from ~45 min up to 4 h with both PUREfrex and 
PURExpress, in analogy with bulk observations. In 
PUREfrex2.0 prolonged translation times up to 20 h 
were measured, which is significantly longer than 
in bulk reactions (~4 h). Expression duration and 
YFP yield are found to be strongly correlated in all 
PURE systems (ρ  =  0.60, 0.77 and 0.73 for PUREfrex, 
PUREfrex2.0 and PURExpress, respectively), meaning 
that longer-lived expression reactions lead on average 
to a higher yield of YFP. The apparent translation 
rate is also subject to large variability, with values 
ranging from ~4 nM min−1 to  >30 nM min−1. Higher 
values are observed in PURExpress but they remain 
on average lower than in bulk reactions. Apparent 
translation rate and YFP yield are slightly correlated 
(ρ  =  0.40) for PUREfrex, but not for PURExpress 
and PUREfrex2.0. For the latter two PURE system 
variants, the apparent translation rate and the time 
to reach plateau are negatively correlated (ρ  =  −0.62 
and  −0.49, respectively), indicating that reactions 
with faster protein production cease earlier on average. 
No marked size dependence can be observed (figure 
2(d)).

These results clearly underline the dynamical 
diversity of liposome-confined gene expression as a 
manifestation of the unique environment conferred 
by every single vesicle. Quantitative inspection of the 
kinetics parameters reveals that the factors govern-
ing protein synthesis are different for the three types 
of PURE systems. Yet the causes limiting gene expres-
sion might differ between in-liposome and bulk reac-
tions, in particular with PUREfrex2.0 and PURExpress  
(figure 2(c)).

Differences in liposome permeability contribute to 
functional heterogeneity
Compositional diversity with regard to the copy 
number of DNA molecules and PURE system 
constituents are certainly factors contributing to 
the heterogeneity of gene expression in femtoliter 
liposomes. Another possible source of such a 
functional variability is the permeability state of the 
liposome membrane. We tested this hypothesis using 
PUREfrex, as an extension of the detailed investigation 
of bulk reactions with this kit [11]. We first carried out 
a permeability assay using the Cy5 dye. It has a higher 
molecular mass than amino acids and nucleoside 
triphosphates but lower than any macromolecules in 
the PURE system. Therefore, it is a relevant fluorescent 
indicator of the permeability of low-molecular 
weight nutrients. The dye was supplied in the external 
solution, such that a fluorescence signal detected 
in the liposome lumen would reflect permeability 
across the lipid bilayer. No DNA was included in 
these experiments. We found that ~20%  ±  6% 
(mean  ±  standard deviation, n  =  2) of the liposomes 
do not contain the Cy5 dye and are thus impermeable 
(figure 3(a)). The same experiment was conducted 
with the yfp gene added (figures 3(b) and (c)). 
Combining the Cy5 signal (membrane permeability 
indicator) with the YFP fluorescence (gene expression 
reporter) and plotting the paired intensity values for 
every liposome on a heat map with four quadrants (Q1 
impermeable/expressing, Q2 permeable/expressing, 
Q3 impermeable/nonexpressing and Q4 permeable/
nonexpressing) reveal that ~40% of the expressing 
liposomes are impermeable (11% of the 29%), 
whereas only 16% of the nonexpressing liposomes 
are impermeable (11% of 71%) (figure 3(c)). Said 
differently, 51% of the impermeable liposomes are 
expressing (11% of the 28%), whereas only 23% of 
the permeable liposomes are expressing (17% of the 
77%). Within the expressing liposome category, no 
clear difference in the final YFP yield between the 
permeable and impermeable vesicles can be observed 

Figure 3.  A significant fraction of YFP-expressing PUREfrex liposomes shows spontaneous permeability to Cy5. (a) Fluorescence 
micrograph of a population of liposomes (membrane in white) with no encapsulated DNA. The Cy5 molecule (red) was added 
after liposome formation. Scale bar is 20 μm. (b) Microscopy images of liposomes (white) expressing YFP (green, bottom panel), 
with Cy5 (red, top panel) added after liposome formation. Scale bar is 20 μm. Line profiles of fluorescence intensity for the two 
liposomes highlighted: in grey the membrane signal, in red Cy5 and in green YFP. Arbitrary unit (a.u.). (c) Heat map of background-
normalized Cy5 signal versus YFP concentration generated from 43 438 liposomes from one experiment. Color coding represents 
the number of liposomes. The white horizontal line corresponds to a YFP concentration threshold of 90 nM. The vertical white line 
corresponds to a normalized Cy5 intensity value of 0.75, which is defined as the threshold above which liposomes are considered 
filled with Cy5 and classified as permeable. Heat maps of four independent repeats are shown in figure S4.
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(figure 3(c)). Moreover, we did not find evidence for a 
correlation between liposome radius and permeability 
state.

Expression of the pore-forming protein 
connexin-43 increases the fraction of permeable 
liposomes
We cannot exclude the possibility that the liposomes 
classified as nonexpressing (~70% of the population) 
do actually enclose an active gene expression machinery 
but the concentration of synthesized YFP is too low for 
accurate detection (<103 nM). We reasoned that the 
functional expression and membrane incorporation 
of a pore-forming protein enabling the influx of the 
Cy5 dye (~790 Da) would provide a more sensitive 
readout. We chose the connexin-43 (Cx43) to stably 
permeabilize the liposome membrane [17]. We first 
validated the production of full-length Cx43 in a single-
gene reaction or together with a second linear DNA 
coding for the YFP (figure 4(a)). Compartmentalized 
expression of the Cx43 gene significantly reduces the 
number of Cy5-impermeable liposomes from ~22% 
(figure 3(a)) to less than 5% (figure 4(b)). This result 
indicates that a large fraction (~80%) of liposomes 
that are impermeable in the absence of pore-forming 
proteins can express the active Cx43, which elicits the 
uptake or efflux of permeable compounds along their 
concentration gradient. This percentage is significantly 
larger than the one calculated based on the correlation 
between the YFP and Cy5 signals, for which only 51% 
of the impermeable vesicles are found to express (figure 
3(c)). This finding suggests the higher sensitivity of the 
Cx43-mediated uptake of a membrane-impermeable 
dye to probe gene expression activity in liposomes. 
Alternatively, the observation that a higher fraction 
of impermeable liposomes contains an active PURE 
system might be specific to Cx43 production and 
induced permeability, whereas individual yfp gene 
expression would be less effective in closed vesicles.

Functional expression of connexin-43 leads 
to membrane permeabilization without 
compromising YFP yield
Cx43-based gain-of-permeability was applied in 
combination with co-expression of the yfp gene to 
probe the influence of resource sharing and passive 
molecular diffusion across a protein channel on the 
IVTT performance. First, the bulk expression kinetics 
of active YFP were monitored with or without the 
Cx43-coding DNA template. Co-expression of the 
Cx43 gene reduces the YFP final yield by ~40% (figure 
4(c)), supporting the idea that some factors limiting 
productivity are common to the expression of the two 
genes (e.g. the concentration of translation initiation 
or elongation factors) and do not exclusively rely 
on the specific nucleotide or amino acid sequence. 
In contrast, the production period is not markedly 
affected (figures 2(b) and 4(h)). We next performed co-
expression experiments with the Cx43 and yfp genes 

inside liposomes. Given the bulk DNA concentrations 
(7.4 nM and 7.7 nM for the YFP- and Cx43-coding 
constructs, respectively) and assuming a Poisson 
distribution of DNA copies between liposomes, one 
expects on average ~150 DNA molecules of each 
gene inside a spherical liposome of 4 μm in diameter 
(volume 33.5 fl). This means that the probability for 
a liposome of that size to not contain at least one copy 
of each gene is negligible, even if one considers that 
only 10% of the DNA pool is transcriptionally active 
[23]. For smaller liposomes with a diameter of 2 μm, 
this probability increases to ~0.3 assuming 10% of 
active genes. Therefore, in the majority of liposomes, 
competition for nutrients and machinery is expected 
in order to produce both the YFP and Cx43 proteins.

Co-expressing Cx43 and yfp genes within 
liposomes leads to a notable increase of the fraction 
of permeable liposomes (~72% without and ~95% 
with Cx43) (figures 3(c), 4(b) and (d)–(f)), similarly 
as observed with the sole expression of the Cx43 gene 
(figures 3(a) and 4(b)). This finding suggests that 
sharing the IVTT resources for YFP production does 
not compromise the PURE system’s ability to gener-
ate membrane-permeabilizing Cx43 pores. On the 
other hand, co-expression of the Cx43 protein results 
only in a slight increase of YFP-producing liposomes 
(~30% without and ~37% with Cx43) (figures 3(c) 
and 4(e)), and the histograms of YFP concentration 
are similar with and without Cx43 co-synthesis (figure 
4(g)). Together these results suggest that, in contrast 
to bulk reactions, sharing of resources does not limit 
expression of YFP in liposomes. Alternatively, other 
mechanisms could compensate for a possible loss of 
production due to resource sharing. For example, 
Cx43-mediated molecular permeability might ensure 
continuous supply of nutrients that would otherwise 
be depleted, while avoiding lethal accumulation of 
reaction byproducts in sealed liposomes.

To test whether the translation rate or/and the  
protein synthesis lifespan could be increased upon 
selective membrane permeability, we measured the kin
etics of YFP expression with both yfp and Cx43 genes 
concurrently expressed (figure 4(h)). No differences 
were observed compared to individual YFP expres-
sion experiments (figure 4(i)), ruling out the hypoth-
esis that Cx43 functional insertion into the membrane 
could lead to prolonged gene expression in PUREfrex.

Time course analysis of the fluorescent permeability 
indicator reveals distinct mechanisms causing 
liposome membrane permeability
To gain some insights on the time evolution of 
membrane permeability, we tracked the Cy5 
fluorescence signal inside individual liposomes 
expressing both yfp and Cx43 genes or solely yfp. 
In particular, we wondered whether the type of 
permeability induced by Cx43 differs from that 
occurring in the absence of a specialized protein 
channel. Different typical time profiles were 
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monitored, which can each be associated with a 
certain permeability state of the membrane (figure 
5(a)): (Phenotype I) Liposomes do not entrap Cy5 at 
the start of the kinetics and remain empty, indicating 
that the membrane is impermeable throughout the 
measurement period. (Phenotype II) Liposomes 

exhibit Cy5 signal that photobleaches at the same 
rate as the background (Cy5 in the outside solution), 
suggesting continuous membrane permeability. 
(Phenotype III) Liposomes initially contain Cy5 that 
photobleaches faster than the background signal, 
suggesting that the dye cannot freely exchange across 

Figure 4.  Co-expression of connexion-43 and YFP increases membrane permeability without compromising YFP yield. All 
experiments were performed with PUREfrex. (a) SDS-PAGE GreenLys gel of individually expressed or co-expressed YFP and 
Cx43 proteins. (b) LSCM image of liposomes (white) encapsulating PUREfrex and Cx43 DNA. The Cy5 dye (red) was added 
after liposome formation. Scale bar is 20 μM. (c) YFP expression yield obtained at the plateau of bulk reactions in the presence of 
Cx43 DNA, normalized to the end-point yield obtained in a minus Cx43 DNA bulk reaction conducted in parallel. Data are the 
average of two experiments, with error bar representing standard deviation. (d) LSCM images of liposomes (membrane in white) 
encapsulating the yfp and Cx43 genes. Both the Cy5 intensity (red, top panel) and YFP (green, bottom panel) signal were acquired 
simultaneously. Line profiles correspond to liposomes highlighted in the micrographs. (e) Heat map of normalized Cy5 signal 
versus YFP concentration for 39 046 liposomes from one experiment. Color coding represents the number of liposomes. The white 
horizontal line corresponds to a YFP concentration of 103 nM, above which liposomes are considered expressing. The vertical 
white line corresponds to a normalized Cy5 intensity value of 0.75, the threshold above which liposomes are considered filled with 
Cy5. Heat maps of two independent repeats are shown in figure S4. (f) Mean fraction of liposomes in each quadrant, as indicated 
in (e), both in the presence (three independent repeats) and absence (five independent repeats, figures 3(c) and S4) of Cx43. Error 
bar represents standard deviation. (g) Probability histogram of YFP concentration in the presence (N  =  84 260) and absence 
(N  =  112 989) of Cx43. Logarithmic scales are displayed. (h) Time traces of YFP concentration for 100 liposomes containing YFP 
and Cx43 DNA. Color coding represents liposome radius R. Black line indicates bulk kinetics and the dotted line is the average of 
the displayed liposome kinetics. (i) Scatter plot of expression lifespan Tplateau versus the apparent translation rate kTL, as determined 
by fitting the time traces in (h) to a phenomenological model (purple symbols). The appended orange symbols correspond to 
PUREfrex data shown in figure 2. Black symbols are data from bulk experiments (c). Logarithmic scales are displayed.
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the membrane. This category is more populated 
in liposomes that do not express YFP, hence likely 
not Cx43 (figure 5(c)). (Phenotype IV) Liposomes 
experience a sudden increase of Cy5 intensity at t  =  t* 
(figure 5(b)), after which bleaching occurs similarly 
as the background signal. This phenotype is most 
predominant in YFP-expressing liposomes with the 
encapsulated Cx43 gene (figure 5(c)). Therefore, we 
attribute this behavior to the internal biosynthesis 
and functional assembly of stable Cx43 pores. 
Furthermore, t* values are distributed around 60 min 
(figure 5(b)), a reasonable value for the expression 
and membrane insertion of the connexin pore. 
(Phenotype V) Liposomes display a sudden increase 
of Cy5 intensity at t  =  t*, after which bleaching occurs 
at a faster rate than the background. Such transient 
permeability events occur randomly throughout 
the acquisition period (figure 5(b)) and may arise 
from unstable membrane defects. (Phenotype VI) 
This category encompasses Cy5 fluorescence time 
traces that cannot be classified in one of the previous 
phenotypes, for example due to multiple filling events 
or to a filling event occurring at t  >  300 min, for which 
the distinction between phenotypes IV and V cannot 
be assessed.

Discussion

A milestone towards the realization of a synthetic 
minimal cell is to achieve robust gene expression inside 
liposomes, recapitulating cytoplasmic and membrane 
processes found in bacteria like E. coli. In the present 
study, we demonstrate the high-yielding production 
of cell-sized (<10 μm) liposomes expressing genes by 
an encapsulated transcription-translation machinery. 
Protein-synthesizing phospholipid vesicles are 
stable for at least 16 h and can be immobilized at 
high density on a glass surface to facilitate long-time, 
high-throughput fluorescence imaging at the single 
liposome level. Most publications on gene expression 
inside liposomes display images with only a few 
vesicles, with severe limitations on the ability to derive 
quantitative information with statistical relevance, in 
particular when it comes to identify rare phenotypes. 
The high-content liposome analysis described here 
enabled quantification of essential properties, such 
as the expression yield, apparent kinetic parameters, 
membrane permeability states, and revealed large 
vesicle-to-vesicle heterogeneity. Using flow cytometry 
as a complementary analytical technique [41], we 
estimated the concentration of gene-expressing 
liposomes (7.5  ×  107 vesicles ml−1 with PUREfrex2.0) 
and supported the uncorrelated variation in the 
amounts of expressed YFP and membrane dye. 
Regarding the protein synthesis yield and the apparent 
translation lifespan as measures of the IVTT system’s 
performance, we recommend to utilize PUREfrex2.0 for 
liposome-compartmentalized reactions. Furthermore, 
triggered membrane permeability was achieved by 

expressing the non-E. coli protein Cx43 that acts as a 
general diffusion pore.

Various liposome preparation methods have been 
described in the literature (recently reviewed in [42]): 
lipid film hydration [43] and its many variants (lipid-
coated powder [44] or glass-bead [4] carriers, electro-
formation [45], hydrogel-based [46–48]), emulsion 
droplet-phase transfer [49–51], and microfluidic-
based approaches [19, 52–57]. In particular, the water-
in-oil emulsion transfer and microfluidic-assisted 
methods have recently gained popularity in the lipo-
some community, largely because of their ability to 
generate monodisperse and unilamellar vesicles. How-
ever, a vast majority of them produce giant vesicles 
with a diameter  >10 μm. While such big liposomes 
can easily be manipulated and imaged by standard 
optical microscopes, they might not provide a physi-
ological environment when it comes to recapitulate 
cytoplasmic and membrane processes (e.g. the E. coli-
based translation machinery of the PURE system) 
occurring in bacteria with a size of a few micrometer 
only. In fact, a number of geometrical cues are known 
to drive biological functions in living cells [58,59]: the 
volume and the actual copy number of biochemical 
reactants, surface-to-volume ratio which regulates 
the molecular diffusion across the membrane as well 
as protein and RNA interactions with the lipid surface, 
confinement effects that influence biochemical reac-
tions as a function of the order of the reaction, macro-
molecular crowding that is more prominent in small 
liposomes [28], and membrane curvature that affects 
lipid sorting and membrane protein functions [60].

Moreover, microfluidics and water-in-oil droplet 
phase transfer methods to form liposomes employ min-
eral oil or organic solvent that may remain in the form 
of residual traces in the hydrophobic core of the bilayer 
[52, 61, 62]. This may lead to altered membrane charac-
teristics, such as lateral diffusion and flip-flop of lipids, 
microdomain formation, mechanical properties, per-
meability and biological activity of membrane-embed-
ded proteins [42, 51]. Actually, in the vast majority of the 
microfluidics-based vesicle formation studies, the pos-
sible presence of residual amounts of oil or solvent (not 
visible pockets) is not examined, despite the proven ana-
lytical efficacy of Raman spectroscopy and microscopy 
techniques [19, 61]. In contrast, our glass bead-assisted 
natural lipid film swelling approach ensures unal-
tered membrane properties, which is essential to equip 
liposomes with more elaborate membrane-dependent 
functionalities. As a trade-off, however, a significant 
fraction of the liposomes generated with the present 
method are multilamellar or multivesicular, and the 
vesicle size distribution is polydisperse (figure 1), which 
complicates fully automated image analysis and discards 
lipids in nonfunctional liposomes. This caveat is miti-
gated if one considers the large number of gene-express-
ing liposomes and the opportunity offered by such a 
heterogeneity. Indeed, in a single sample, a large com-
binatorial space of molecular inputs and geometrical  
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parameters can be explored, increasing the likelihood to 
find liposomes exhibiting desired features, e.g. expres-
sion kinetics or vesicle morphology.

Our work shows that confinement of gene expres-
sion in femtoliter liposomes leads to higher het-
erogeneity of the apparent kinetic parameter values  
compared to bulk reactions (figure 2 and accompa-
nying article [11]). It is unclear whether the inhibi-
tory mechanisms unraveled in bulk measurements 
similarly affect protein synthesis in liposome-confined 
reactions. The compositional heterogeneity and low-
copy number effects arising from the stochastic entrap-
ment of PURE system constituents make every lipo-
some unique. Hence, the parameters that control the 
dynamics of the network and govern its performance 
might differ from one liposome to the other. Note that 
the absolute number of macromolecules can on aver-
age be  >100 (as calculated above for DNA molecules), 
yet the effective amount might be significantly lower 
if one considers partial inactivation [23], association 
with multiple partners into distinct complexes (e.g. 
translation factors, including tRNAs), or deviation 
from a Poisson encapsulation profile [28]. Intriguingly, 
a subset of liposomes express remarkably high protein 

concentration (figure 1(d)) or have a long translation 
lifespan (figure 2) surpassing the performance of any of 
the bulk reactions that we monitored so far [11]. These 
exceptional properties certainly result from peculiar 
initial conditions and membrane permeability state. 
Further studies should investigate the molecular deter-
minants that confer such properties. For instance, 
individual PURE system constituents could be fluo-
rescently labelled and their encapsulation profile cor-
related with gene expression properties. The presence 
of distinct liposome sub-populations with permeable 
or impermeable membrane to small charged solutes 
has already been reported, albeit with a different lipid 
composition and liposome formation protocol [63]. 
Probing membrane tension with a fluorescent lipid 
reporter [64] could unveil the mechanical and struc-
tural properties associated to the permeability of gene 
expressing liposomes. We propose that this heteroge-
neity should be exploited—instead of being seen as 
a drawback—e.g. by mapping in-liposome activity 
(amount of synthesized protein or expression kinetic 
parameters) as a function of the internal concentra-
tion of key components in one-pot reactions. This 
approach will aid the implementation of biological  

Figure 5.  Expression of Cx43 inside liposomes leads to a specific permeability time profile. (a) Time traces of normalized Cy5 
signal in liposomes expressing (green, N  =  100) or not expressing (blue, N  =  100) YFP, from two independent experiments. In both 
conditions, the Cx43 gene was co-encapsulated. Black solid lines indicate average time traces. Dotted horizontal lines depict the Cy5 
permeability threshold. Phenotypes, as indicated by roman numerals, are described in the main text. For IV and V, a time shift t* is 
applied to align curves based on the occurrence of the filling event. (b) Probability histogram of t* values, for phenotypes IV (N  =  60 
liposomes) and V (N  =  21). (c) Occurrence of phenotypes, as percentage of the total number of time traces, for experiments with 
Cx43 DNA (shown in a) and without (figure S5). Error bars represent standard deviation between experiments. In total 400 traces 
were analysed, 100 for each of the four conditions.
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subsystems whose functioning relies on a narrow 
range of initial conditions that would hardly be tracta-
ble in batch mode screening reactions.

Extending this work to achieve sustainable RNA 
and protein synthesis through continuous liposome 
feeding from externally supplied nutrients (i.e. cre-
atine phosphate, nucleoside triphosphates, amino 
acids) will be an important milestone towards the 
creation of a semisynthetic minimal cell. Long-lived 
gene-expressing liposomes, as reported in one study 
with an E. coli cell lysate entrapped inside liposomes 
with membrane-embedded α-hemolysin pores [3], 
was not realized in PUREfrex under the tested con-
ditions (figures 4(h) and (i)). Next to the different 
type of membrane channels used in the two stud-
ies, it is likely that PUREfrex reactions in the tracked 
liposomes are limited by other factors than shortage 
of low-molecular weight substrates or accumulation 
of inhibiting byproducts. This hypothesis is consist-
ent with results obtained for PUREfrex bulk reactions 
in a dialysis chamber [11]. Further developments of 
liposomes actively interfacing with their environment 
may take advantage of in situ expressed Cx43 to permit 
the entrance of membrane-impermeable molecules 
involved in transcriptional regulation, signaling, sens-
ing or communication between liposomes.
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