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The bottom-up construction of cell-sized compartments programmed
with DNA that are capable of sensing the chemical and physical
environment remains challenging in synthetic cell engineering. Here,
we construct mechanosensitive liposomes with biosensing capability
by expressing the E. coli channel MscL and a calcium biosensor using
cell-free expression.

Cell-free expression (CFE) has been recently reshaped into a highly
versatile technology applicable to an increasing number of research
areas.1 The new generation of DNA-dependent cell-free transcription–translation systems (TXTL) has been engineered to address
applications over a broad spectrum of engineering and fundamental
disciplines, from synthetic biology to biophysics and chemistry.2–4
Modern TXTL platforms are used for medicine and biomolecular manufacturing, such as the production of vaccine and
therapeutics.5,6 By performing non-natural chemistries,3,7,8 the
TXTL technology has been improved to expand the molecular
repertoire of biological systems. Because the time for designbuild-test cycle is dramatically reduced, TXTL has become a
powerful platform to rapidly prototype genetic programs
in vitro, from testing single regulatory elements to recapitulating metabolic pathways.9 Remarkably, the new TXTL systems
have also been prepared so as to work at many different scales
and in different experimental settings. As such, TXTL reactions
can be carried out in volumes spanning more than twelve
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orders of magnitudes, from bulk reactions to microfluidics
and artificial cell systems.2,10–13
The bottom-up construction of synthetic cells that recapitulates
gene expression has become an eﬀective means to characterize
biological functions in isolation and to prototype cell-sized
compartments as chemical bioreactors for applications in
biotechnology.14,15 In particular, engineering artificial cells integrating active membrane functions is critical to develop mechanically
robust compartments capable of sensing the physical and chemical
environment. Such undertaking, however, remains challenging as
only a few synthetic cell systems loaded with executable genetic
information and harboring membrane sensors have been
achieved.16 In this work, we construct synthetic cells capable
of responding to osmotic pressure by expressing the E. coli
mechanosensitive membrane protein MscL using a TXTL
system encapsulated into synthetic liposomes. Using the calcium
sensitive reporter G-GECO, we demonstrate that the osmotic pressure
and calcium intake can be detected simultaneously, at diﬀerent
concentrations of the divalent ion. TXTL is carried out with a highly
versatile all E. coli cell-free toolbox based on the endogenous transcription machinery (E. coli core RNA polymerase and sigma factor
70, s70). We characterize the channel function by monitoring the
fluorescence of G-GECO and the leak of polymers of various sizes.
Our novel approach expands the functional capabilities of encapsulated cell-free TXTL reactions and demonstrates, for the first time,
that synthetic cell systems with biosensing interfaces can be achieved
by directly expressing membrane proteins inside liposomes.
Our general methodology is to encapsulate TXTL reactions
within phospholipid vesicles as a versatile platform that recapitulates in vitro transcription–translation for producing proteins that
endow biosensing and molecular transport properties to the vesicles
(Fig. 1A). DNA-based cell-free protein synthesis inside liposomes
links the information contained in the DNA to the phenotype of
synthetic cells in a reduced environment suitable for isolation and
characterization of cellular functions. Like a complex chemical
reaction that can be broken down to elementary processes, biochemical reactions based on genetic circuits can also be constructed
to control rates of protein production. Such settings are conveniently
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Fig. 1 Schematics of protein synthesis in liposomes and gene circuits.
(A) dsDNA is transcribed into mRNA, which is then translated to a biosensing
fluorescent reporter protein (G-GECO) and a mechanosensitive membraneactive protein (MscL). (B) Gene circuits used in this work. (i) The E. coli
housekeeping transcription factor sigma 70 activates the promoter P70a.
(ii) The sigma 28 cascade requires the expression of sigma 28 protein, expressed
through the P70a promoter. The sigma 28 transcription factor activates
the corresponding promoter P28a.

adjusted in TXTL by either choosing the appropriate plasmids
stoichiometry and circuit architectures, or by calibrating the
strength of promoters and ribosome binding sites.2 In this work,
we used two different genetic circuit schemes to produce proteins of
interests (Fig. 1B). In the first scheme, the endogenous E. coli core
RNA polymerase s70 drives the transcription of downstream coding
sequence through the constitutive promoter P70a.2 Our second
scheme is a transcriptional activation cascade where P70a/s70
drives the expression of sigma factor 28 (s28) that is required for
subsequent expression from a P28a promoter sequence specific
to s28. We first used the reporter protein deGFP to characterize
the circuit functions and features.2 deGFP is a slightly modified
version of eGFP with identical fluorescence properties. Both
schemes were then used to express G-GECO, a genetically encoded
green fluorescence protein whose fluorescence depends on calcium
concentration,17 and the E. coli mechanosensitive channel of large
conductance (MscL) for biosensing and incorporating a membraneactive property, respectively.
We first performed bulk reactions (10 ml reactions) and
compared deGFP expression kinetics of the single-step circuit vs.
the transcriptional activation cascade circuit. As expected, the
requirement for s28 to drive expression of deGFP in the transcriptional activation resulted in a delay in deGFP expression compared
to the single-step circuit (Fig. 2A). The delay observed for the
cascade, on the order of 15 minutes, corresponded to the amount
of time necessary for the synthesis of s28. The bulk reaction
persisted for many hours and deGFP production began to slow
down after 8 hours and reached a plateau after 10 hours. The time
course observed in these experiments is typical for TXTL reactions
where protein synthesis ceases due to resource limitation (depletion
of nucleotides and amino acids), change in the biochemical
environment (pH) and accumulation of reaction byproducts. We
next asked whether compartmentalization could preserve the delay
in deGFP production that we observed in the bulk reactions. Using a
single-step emulsion approach by vortexing aqueous TXTL reactions
in 2% Span 80 dissolved in mineral oil, we produced emulsion
droplets with a wide range of sizes encapsulating the TXTL reactions. As clearly evident, we observed deGFP expression as early as
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Fig. 2 deGFP synthesis in bulk reactions, single emulsions, and liposomes. (A) Kinetics of expression. Plasmid P70a-deGFP fixed at 5 nM,
P70a-S28 fixed at 0.2 nM, and P28a-deGFP fixed at 5 nM. Inset: 0–3 hours
magnified. (B) deGFP synthesis in liposomes using both the P70a plasmid
and P28a cascade. Scale bar: 5 mm.

45 minutes for the single-step circuit compared to relatively weak
fluorescence after 1 hour for the transcriptional activation cascade
(Fig. S1, ESI†). Fluorescence intensity reached maximum after
B2 hours in both cases. The shorter protein production time
in single emulsions is consistent with a faster rate of resource
depletion in a compartmentalized system as compared to a bulk
system,10 as well as to the limited supply of oxygen necessary for
cell-free TXTL. We next created synthetic cells by encapsulating
TXTL reactions into phospholipid vesicles that have a physical
boundary comparable to real living cells. We used a reverse
emulsion technique for generating liposomes2 and we accounted
for the delay in imaging start time due to preparation (estimated
to be B15 min). Because of the initial low protein production in
vesicles, we acquired images at a high exposure time during the
first hour (100 ms compared to 5 ms after 75 minutes of
incubation) so that some fluorescence signals were observable at
the earlier time points. Consistent with the experiments carried out
under bulk conditions and in single emulsions, there was a clear
delay in deGFP production in the transcriptional activation cascade
(Fig. 2B). deGFP production leveled oﬀ after B10 hours. The longer
lasting expression compared to single emulsion is likely due to the
availability of oxygen from the outer aqueous solution. Together,
these experiments demonstrate that a cascaded circuit can delay
reporter expression and that we can achieve robust protein expression by compartmentalizing CFE reactions.
Phospholipid vesicles are particularly useful for encapsulating
TXTL reaction in cell-sized compartments because lipidic bilayers
are the natural substrates for membrane proteins such as channels
and receptors. Expressing membrane proteins is a critical step
towards constructing synthetic cells with functional interfaces to
provide, for instance, transport or catalytic capabilities to a vesicle.
In this regard, only a few of such artificial systems with membrane
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protein channels and sensors have been achieved so far.11,16 As a
model system, we expressed MscL using the cascaded transcriptional activation circuit. MscL is a bacterial membrane protein that
senses an increase in membrane tension and opens a pore of
B2.5 nm diameter to allow influx/eﬄux of molecules down the
concentration gradient. It is thought to serve as the emergency
release valve during osmotic downshock without which bacteria can
lyse due to elevated osmotic pressure. We and others have shown
that an increase in osmotic pressure or membrane tension can
directly gate MscL.18–20 Integrating active MscL into the membrane
of synthetic cells by CFE is important for several reasons. First, it
provides increased mechanical robustness to the vesicles against
bursting by equilibrating osmotic pressure. It is a necessary step
towards constructing synthetic cells robust enough to be used
outside laboratory conditions. Second, the channel diameter is ideal
to pass small nutrients molecules and feed the synthetic cells, while
keeping the TXTL machineries inside. Third, it demonstrates that
TXTL supports the expression of mechanosensitive membrane
proteins that could be used as a means to test MscL mutants in
the future. When expressing MscL using the transcriptional activation cascade, the delay in MscL expression (about 15 minutes) is
advantageous because it corresponds to the amount of time needed
to prepare the liposomes. We first expressed MscL-eGFP to visualize
MscL localization. We observed the accumulation of MscL-eGFP at
the membrane over time as expected (Fig. S2, ESI†). In order to
test MscL function, we developed a simple dye-leakage assay
where TRITC-labeled dextrans of different molecular weight
(3, 10, and 70 kDa) and TXTL reaction producing wild type MscL
were co-encapsulated using the emulsion method to make
liposomes (Fig. 3A). We expressed the native MscL without a
fluorescent protein tag as MscL fusion proteins have a higher
activation tension threshold.18 In our experiments, we relied on
the osmotic pressure from a hypo-osmotic feeding solution
(B630 mOsm) relative to the encapsulated TXTL reaction
(B700 mOsm). In the absence of MscL expression, 5 mM of
3000 Da TRITC-dextran remained encapsulated in the vesicle after
2 hours (Fig. 3B). In contrast, MscL expression led to dye-leakage
after 20–30 minutes. When a larger 10 000 Da TRITC-dextran was
used, we observed complete dye-leakage after 60 minutes in
MscL-expressing vesicles (Fig. S3A and B, ESI†). Larger dextran
molecules at 70 000 Da were completely retained after 120 minutes
with or without MscL expression (Fig. S3C, ESI†), with no leakage
observed after 12 hours of incubation (data not shown). We also
tested the leakage of two proteins, deGFP (27 kDa) and BSA-TRITC
(60 kDa). Both were also completely retained inside the liposomes in
MscL-expressing vesicles after 2 hours of incubation (Fig. S3D, ESI†).
No leakage was observed after overnight incubation (data not shown).
Our next challenge was to use a genetically-encoded reporter and
demonstrate that we can couple a mechanical input to biosensing.
We cloned the genetically-encoded calcium ion (Ca2+) biosensor
G-GECO that is composed of a circularly permuted GFP fused to the
calmodulin (CaM)-binding region of myosin light chain kinase M13
at its N-terminus and CaM at its C-terminus.21 G-GECO is dim
in the absence of Ca2+ and bright when bound to Ca2+ with a
Ca2+-dependent fluorescence increase of B23–26 fold (Fig. 4A).7 We
cloned G-GECO under the P70a promoter and verified that it can
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Fig. 3 Leakage of a 3 kDa TRITC-dextran in liposomes in the absence or
presence of MscL. (A) Schematic of the encapsulation of a cell-free
reaction containing 3 kDa TRITC-dextran (5 mM), P70a-S28 (0.2 nM), and
P28a-MscL (5 nM) into liposomes via the water-in-oil emulsion transfer
method. (B) Fluorescence images of liposomes containing 3 kDa TRITCdextran over a 2 hour period with only P70a-S28 added to the cell-free
reaction. (C) Fluorescence images of liposomes containing 3 kDa TRITCdextran over a 40 minute period with P70a-S28 and P28a-MscL added to
the cell-free reaction. Scale bar: 5 mm.

sense Ca2+ in a plate reader assay (Fig. S4A, ESI†). To eliminate
traces of Ca2+ present in TXTL reactions estimated to be up to 1 mM
Ca2+, we added 1 mM EGTA to the TXTL reactions so that G-GECO
can report an increase in calcium level when externally added to the
reactions. Both G-GECO and MscL-eGFP can be produced together
in a single TXTL reaction, as shown by the increased fluorescence
level by G-GECO after adding 1 mM Ca2+ at 120 minutes after TXTL
started (Fig. S4B, ESI†).
To create mechanosensitive-biosensing vesicles, we employed
double emulsion templated vesicles generated by droplet microfluidics.22,23 We have previously used this approach and showed
that small molecules from the feeding solution can enter encapsulated vesicles containing integrated synthesis, assembly, and translation (iSAT) reactions.10 We have also shown that Ca2+ can enter a
double emulsion droplet with an ultrathin oil layer as the middle
phase when the droplet is under hypo-osmotic shock.24 However,
Ca2+ as a charged ion cannot across a lipid bilayer. When G-GECO
was expressed in the presence of 1.5 mM Ca2+ inside a vesicle,
fluorescence was readily detected after 90 minutes, demonstrating
that G-GECO can be used to detect increased calcium concentration
in an artificial cell (Fig. 4B). As expected, if Ca2+ is added to the
outside (at 10 mM) of G-GECO expressing vesicle, no G-GECO
fluorescence was observed because Ca2+ is impermeable to phospholipid membrane (Fig. S5A, ESI†). However, addition of a calcium
ionophore A23187 allowed rapid entry of Ca2+ and G-GECO fluorescence was readily observed in as little as 10 minute post A23187
addition (Fig. S5B, ESI†).
To couple mechanical input to sensing the external environment, we co-expressed G-GECO (under P70a promoter) and MscL
(under P28a promoter) in TXTL for 2 or 3 hours and then
encapsulated the reaction into double emulsion templated vesicles.
Under iso-osmotic condition, we did not observe G-GECO fluorescence for over 10 hours, our longest observation time point
(Fig. 4C(i)). In contrast, hypo-osmotic condition of B100 mOsm
osmotic diﬀerence between inside and outside the vesicle robustly
led to an increase in G-GECO fluorescence as Ca2+ was able to enter
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genetically-encoded biosensors allows for rapid sensing, rather than
relying on fluorescence reporter synthesis using chemical inducers
that most studies have used.25,26 Recapitulating TXTL for synthetic
cell engineering can be used for reconstituting cellular processes
and functions.27 It can also serve as a powerful platform for
chemical applications, such as biosensing and novel synthetic
pathways for chemicals.
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Notes and references

Fig. 4 Mechanosensitive and biosensing synthetic cell system. (A) Schematic
depicting the reversible transformation between the fluorescent and nonfluorescent states of G-GECO protein in presence of calcium and EGTA.
(B) Fluorescence images of G-GECO expression with calcium addition inside
vesicles (1 nM P70a-G-GECO, 1.5 mM calcium chloride was added to TXTL
reaction after 1.5 hour incubation prior to encapsulation). (C) (i and ii) Three
plasmid expression under diﬀerent external conditions. Concentrations of
P70a-S28, P28a-MscL and P70a-G-GECO in cell-free reaction were fixed at
0.2 nM, 1.4 nM and 0.6 nM respectively. The outer solutions for all conditions
contained 10 mM calcium chloride. (D) Box plot showing the relative fluorescence intensities from vesicles in hypo-osmotic media with diﬀerent external
calcium concentrations. Each box corresponds to intensity values from ten
vesicles. Plasmid concentrations of P70a-S28, P28a-MscL and P70a-G-GECO
were 0.4 nM, 1.3 nM and 1 nM respectively. For both (C) and (D), the lipid vesicles
were introduced into hypo-osmotic solution immediately after encapsulation
following a 1.5 hour incubation period. EGTA was used at a concentration of
1 mM in all cell-free reactions. Imaging for (D) was carried out after 2 hour
incubation in the hyposmotic medium. The osmolarity diﬀerence between
iso-osmotic and hypo-osmotic solutions was measured at 100 mOsm. All
experiments were repeated three times under identical conditions. Scale
bars: 50 mm.

the lipid bilayer membrane through MscL (Fig. 4C(ii)). To our
knowledge, this is the first demonstration of an AND-gate composed
of a mechanical input (i.e. hypo-osmotic pressure) and an external
chemical input (i.e. Ca2+) that lead to a specific fluorescence
response. The synthetic cell system is also sensitive to the concentration of calcium added to the external solution (Fig. 4D and
Fig. S6, ESI†). The detection time for calcium intake was as short as
20 minutes.
In summary, we have generated a DNA-programmed cell-sized
artificial cell that senses osmotic pressure and external calcium
concentration. We demonstrated two diﬀerent circuit architectures
for TXTL that exhibit diﬀerent reaction kinetics that are preserved
across length scale from bulk reactions to micron-sized encapsulated droplets or vesicles. The ability to endow artificial cells with
mechanosensitive functions to sense external small molecules using
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Materials and Methods:
DNA constructions. The plasmids P70a-deGFP, P70a-S28, and P28a-deGFP have been
described previously1. P28a-MscL and P28a-MscL-eGFP were obtained by first cloning MscL
from E. coli K12 into a P28a backbone and then adding eGFP as a fusion protein. The pcDNA3G-GECO construct was obtained from Takanari Inoue (Johns Hopkins University) and the
calcium-sensing function was verified by monitoring G-GECO activity from external calcium flux
through ionophore A23187 (Sigma Aldrich). G-GECO was then cloned into the pT7-CFE
backbone for use in a mammalian cell-free expression system. Specifically, G-GECO was PCR
amplified from of the pcDNA backbone and a 5’ Kozak sequence and 3’ CAAX sequence (in
frame) added. The resulting PCR amplicon was cloned into the pT7-CFE empty vector between
the plasmid IRES and poly-A tail sequence using BamHI and NotI. pT7-G-GECO DNA
sequence was confirmed by sanger sequencing and its function was verified in bulk mammalian
cell-free expression assays with and without calcium. Subsequently, restriction enzyme cloning
from the pT7 construct into P70a-deGFP was carried out to obtain the P70a-G-GECO plasmid
used in the present study. Due to lack of appropriate restriction cut sites, the gene for G-GECO
was PCR amplified along with the 3’ CAAX motif, and inserted by restriction enzyme cloning
using PspXI and NcoI, in between the ribosome binding site and the T500 terminator sequences
of the P70a-deGFP vector.
TXTL preparation and reactions. TXTL reactions are composed of the E. coli lysate, an amino
acid mixture, and an energy buffer. Transcription and translation are performed by the
endogenous molecular components provided by the E. coli cytoplasmic extract. A detailed
description of the standard TXTL preparation has been reported previously in several articles1-3.
The energy buffer is composed of: 50 mM HEPES pH 8, 1.5 mM ATP and GTP, 0.9 mM CTP
and UTP, 0.2 mg/ml tRNA, 0.26 mM coenzyme A, 0.33 mM NAD, 0.75 mM cAMP, 0.068 mM
folinic acid, 1 mM spermidine, 30 mM 3-PGA, 2% PEG8000, either 10-15 mM maltose or 20-40
mM maltodextrin. A typical cell-free reaction is composed of 33% (volume) of E. coli crude
extract. The other 66% of the reaction volume are composed of the energy mixture, the amino
acids and plasmids. The amino acid concentration was adjusted between 1.5 mM and 3 mM of
each of the 20 amino acids (always equimolar for the 20 amino acids). Mg-glutamate and Kglutamate concentrations were adjusted according to the plasmids used (typically 90 mM Kglutamate and 4 mM Mg-glutamate for P70a-deGFP). Cell-free TXTL reactions were carried out
in a volume of 5 µl to 20 µl at 29-30°C.
Measurement of TXTL gene expression in bulk reactions. Quantitative measurements were
carried out with the reporter protein deGFP (25.4 kDa, 1 mg/ml = 39.37 µM). deGFP is a variant
of the reporter eGFP that is more translatable in cell-free systems. The excitation and emission
spectra as well as fluorescence properties of deGFP and eGFP are identical, as previously
reported1. The fluorescence of deGFP produced in batch mode reactions was measured on an
H1m plate reader (Biotek Instruments, V-bottom 96-well plate, interval of three minutes, Ex/Em
488/525 nm). End-point measurements were carried out after 8-12 h of incubation. Pure
recombinant eGFP (from either Cell Biolabs Inc. or purified in the lab) was used to make a linear
calibration of intensity versus eGFP concentration for quantification on plate readers. Error bars
are the standard deviations from at least three repeats. The measurements in batch more
reactions for G-GECO were similar to deGFP. Measurements were recorded with a Synergy H1
plate reader (Biotek Instruments) in 96 V-bottom Nunc polypropylene plates. The temperature
was set at 29°C for all conditions and kinetic measurements were carried out with an interval of
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one minute. The excitation and emission wavelengths were set at 488 nm and 525 nm
respectively. The measurement run was stopped at a given time and restarted after externally
adding calcium to the bulk reaction. This led to a delay of 1-2 minutes indicating the loss of at
most two data points at the instant of calcium addition in the supplementary figures.
Liposome preparation. Liposomes were prepared using the water-in-oil emulsion transfer
method. Lipids (Egg PC, Avanti Polar Lipids) were dissolved in mineral oil (Sigma-Aldrich) at 2
mg/ml. 2-8 µl reactions were added to 500 µl oil and vortexed to create an emulsion. This
emulsion was added atop 10-20 µl of a feeding solution. The biphasic solution was centrifuged
for 10 minutes at 1500 g to form liposomes. Single emulsion droplets were created by vortexing
6 µL of TXTL reaction in 30 µL of 2% Span 80 surfactant in mineral oil. Double emulsion
templated vesicles were generated by a glass capillary device as described in previous works4,5.
DOPC, cholesterol and Liss-Rhod PE (Avanti Polar Lipids) were mixed in a glass test tube and
Argon gas was used to remove the solvent. The lipids were then placed in a dessicator for an
hour following which they were resuspended in a 36:64 chloroform-hexane solution by volume.
The final concentration of the lipids was kept constant at 6 mg/ml for all experiments when using
this device. The inner solution was prepared by adding 1.5% polyvinyl alcohol (PVA) and 1 mM
EGTA (final concentrations) to a standard TXTL cell-free reaction. The cell-free solution was
then incubated at 29C for an hour before encapsulation. Outer solution composition was 20 mM
K-HEPES, 80 mM KCl, 1.3% glycerol, 10% PVA, and 280 mM glucose (final osmolarity is 770
mOsm). The outer solution osmolarity was matched with the inner phase by adding appropriate
concentration of glucose just before encapsulation. 10 mM CaCl2 (final conc.) was added to this
outer solution for resuspending the collected double emulsions. 50 µl of double emulsion
collection was then added to 100 µl of the outer solution containing calcium for all experimental
conditions except the hypo-osmotic shock with two plasmids, in which case 50 µl double
emulsions was added to 100 µl of the hypo-osmotic solution. The hypo-osmotic solution
composition was 20 mM K-HEPES, 80 mM KCl, 10% PVA, 400 mM glucose and 10 mM CaCl2
(final osmolarity is 660mOsm). All osmolarities were measured on a Vapro-Osmometer (by
vapor pressure) with 10 µl of sample. Following resuspension in calcium-containing solutions,
the double emulsions were incubated on a slide. Oil dewetting and lipid bilayer formation was
observed within a short duration after double emulsion generation.
Measurement of TXTL gene expression in liposomes. The phospholipid vesicles were
observed using an inverted microscope (Olympus, IX-81) equipped with Metamorph Advanced
software. Liposomes expressing deGFP/eGFP were imaged with a GFP filter set (excitation 473
nm, emission 520 nm). To image the TRITC-dextran dye (Sigma-Aldrich) and BSA-TRITC dye
(Sigma-Aldrich), a Texas Red filter set was used (excitation 556 nm, emission 617 nm). At least
40 lipid vesicles were monitored to generate the standard deviation shown in the error bars. The
method used to quantify the deGFP protein expression has been described previously1. deGFP
was expressed and quantified using the Biotek H1m plate reader. Then, deGFP protein at
different, known concentrations was encapsulated in liposomes and standard curves of area vs
intensity were created. By comparing the leading coefficients of these curves, we verify the
scaling is linear. The CCD camera used was also verified to scale linearly with varying exposure
times. The double emulsion templated vesicles were imaged with Olympus IX-81 spinning disk
confocal microscope connected to an Andor iXOn 3 CCD camera, and operated with the
Metamorph Advanced software. G-GECO and deGFP images were captured with a GFP filter
set (excitation 488 nm, emission 525 nm) under constant exposure of 500 ms for all
experimental conditions. A TRITC filter set (excitation 560 nm/emission 607 nm) was used to
capture the fluorescent lipid images. The exposure was kept constant at 100 ms for lipid
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imaging. All images were background subtracted and their contrasts were matched for visual
comparison. For the quantitative analysis of calcium detection under different concentrations,
integrated density (ID) measurement was carried out in ImageJ. For each image, a box was
drawn based on the size of a vesicle and the ID was calculated three times by shifting the box
within the lumen of the vesicle. Next, using the same box, the background ID was calculated at
three different positions in the image. The relative fluorescence intensity was then calculated by
subtracting the average background ID from the average luminal ID and normalizing the result
with the area of the box.
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Supplemental Figures:

Figure S1. Encapsulation of TXTL reactions in single emulsions. (A) P70a-deGFP plasmid was
used at 5nM final concentration. (B) The concentrations of P70a-S28 and P28a-deGFP were
0.2nM and 5nM respectively. Images represent a qualitative trend observed over 4-5 regions in
the sample. Scale bar: 50µm.
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Figure S2. Synthesis of MscL-eGFP in liposomes (0.2 nM P70a-S28, 5 nM P28a-MscL-eGFP).
Bright-field and fluorescence images shown at t = 0 min. Images taken at 40-minute interval
with GFP channel. Scale bar: 5 µm.
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Figure S3. Leakage of TRITC-dextran of varying sizes in liposomes in the absence or presence
of MscL. (A) Top: Fluorescence images of liposomes containing 10 kDa TRITC-dextran over a
2-hour period without P28a-MscL in the TXTL reaction. Bottom: Fluorescence images of
liposomes containing 5 µM 10 kDa TRITC-dextran over a 60-minute period with P28a-MscL the
TXTL reaction. Scale bar: 5 µm. (B) Liposome kinetics of 3 and 10 kDa TRITC-dextran
concentration in the presence or absence of MscL. (C) Bar graph of average TRITC-dextran
concentration at 0 and 120 minutes. 5 µM TRITC-dextran encapsulated in liposomes at t = 0.
Sizes of dextran are 3, 10, and 70 kDa. - or + denote the absence or presence of MscL. Error
bars shown are one standard deviation in each direction. Sample standard deviation is
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generated from the observation of 49, 51, 45, 43, 42, and 45 liposomes for 3-, 3+, 10-, 10+, 70-,
and 70+, respectively (3- indicates 5 µM 3 kDa dextran and no MscL, 3+ indicates 5 µM 3 kDa
and 5 nM MscL plasmid, etc.) (D) Bar graph of average BSA-TRITC and deGFP concentration
at 0 and 120 minutes. 5 µM BSA-TRITC or deGFP encapsulated in liposomes at t = 0. - or +
denote the absence or presence of MscL. Error bars shown are one standard deviation in each
direction. Sample standard deviation is generated from the observation of 41, 41, 42, and 45
liposomes for BSA-. BSA+, deGFP-, and deGFP+, respectively (BSA- indicates 5 µM BSATRITC and no MscL, BSA+ indicates 5 µM BSA-TRITC and 5 nM MscL plasmid, etc.)
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Figure S4. Expression kinetics of G-GECO in TXTL with and without calcium using P70a-GGECO. (A) Calcium sensing by G-GECO in presence of 1 mM EGTA. 2 mM calcium chloride
(final concentration) was added to bulk reaction at t = 125 min. Concentration of P70a-G-GECO
plasmid was fixed at 1 nM for all cases. (B) Two-plasmid expression in bulk reaction. P70a-GGECO, P70a-S28 and P28a-MscL-eGFP were added at final concentrations of 0.2 nM, 0.2 nM
and 1 nM respectively. 1 mM calcium chloride was added after 120 minutes. TXTL reactions for
both conditions contained 1 mM EGTA.
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Figure S5. Calcium dependent increase in G-GECO fluorescence inside lipid vesicles. (A)
Images showing the native fluorescence of cell-free expressed G-GECO after 3 hours
incubation. (B) Increase in fluorescence as observed upon addition of 1 µM A23187 (Calcium
ionophore). The time points indicate incubation of vesicles after the addition of A23187 and the
simultaneous control experiment without the ionophore. All cell-free reactions contained 1 mM
EGTA. The calcium concentration in the outer solution was 10 mM. P70a-G-GECO plasmid was
added at a concentration of 1.5 nM. Scale bar: 50 µm.
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Figure S6. Osmotic downshock experiments of TXTL encapsulated vesicles (MscL and GGECO) with different external calcium concentrations. (A) Fluorescence images of vesicles
after 20 minutes of incubation following addition of hyposmotic media, for four different calcium
concentrations. In contrast with the experimental condition in Figure 4, the vesicles were
incubated for an hour after their generation, in isosmotic solution with no calcium, to allow for
possible MscL incorporation into the lipid bilayer before the hyposmotic shock. (B) Box plot of
the relative fluorescence intensities of vesicles from (A) at the same time point. The fluctuations
in the relative intensities correspond to the values from six vesicles in each case. The plasmid
concentrations for P70a-G-GECO, P70a-S28 and P28a-MscL were 1 nM, 0.4 nM, and 1.3 nM,
respectively. EGTA was added at a concentration of 1 mM. Scale bar: 20 µm.
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