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 22 

Abstract 23 

To date reconstitution of one of the fundamental methods of cell communication, the 24 

signaling pathway, has been unaddressed in the bottom-up construction of artificial cells 25 
(ACs). Such developments are needed to increase the functionality and biomimicry of 26 
ACs, accelerating their translation and application in biotechnology. Here we report the 27 
construction of a de novo synthetic signaling pathway in microscale nested vesicles. 28 

Vesicle cell models respond to external calcium signals through activation of an 29 
intracellular interaction between phospholipase A2 and a mechanosensitive channel 30 

present in the internal membranes, triggering content mixing between compartments and 31 

controlling cell fluorescence. Emulsion-based approaches to AC construction are 32 

therefore shown to be ideal for the quick design and testing of new signaling networks 33 
and can readily include synthetic molecules difficult to introduce to biological cells. This 34 
work represents a foundation for the engineering of multi-compartment-spanning 35 
designer pathways that can be utilised to control downstream events inside an artificial 36 
cell, leading to the assembly of micromachines capable of sensing and responding to 37 
changes in their local environment.   38 

Significance Statement 39 

In nature, an external input is translated by cellular machinery into a downstream effect 40 
through signaling pathways, enabling cells to respond to their environment. Bottom-up 41 
synthetic biology aims to re-create cellular organization and function through the creation 42 

of ‘artificial cells’ (ACs) through molecular self-assembly. Although the construction of 43 
new signaling pathways will enable increasingly responsive ACs, this area is 44 
undeveloped; here we show that multicompartment lipid vesicles are an ideal framework 45 



to build a pathway not found in nature. External calcium ions activate internal protein 46 

communication, leading to control of cell fluorescence. This highlights the potential of 47 

ACs for design and construction of synthetic pathways difficult to reconstitute in existing 48 
cells, leading to development of environment-responsive molecular machines in 49 
biotechnology. 50 

\body 51 
 52 

Introduction 53 

In order to sense and respond to their external environment, biological cells have 54 
developed various means of communication(1–3). One of the most fundamental 55 
communication strategies in biological systems is to convert an external chemical input 56 
into a functional output, primarily through signal transduction. Here the controlled 57 

activation of protein machinery is often used to initiate gene transcription and translation 58 
of proteins that result in a functional change in cellular behaviour. One ubiquitous 59 
signaling molecule is the divalent calcium ion (Ca2+) which is utilised across biology(4), 60 

controlling both intra- and inter-cellular processes including transcription(5), 61 
mitochondrial energy production(6) and apoptosis(7). Calcium influx occurs across the 62 
plasma membrane as well as from intracellular stores in the endoplasmic reticulum, 63 

resulting in the activation of signaling cascades involving calcium-dependent enzymes(8, 64 
9).  65 

There is great interest in generating synthetic transduction pathways to control 66 

cell function as well as to increase fundamental understanding of cellular behaviour(10, 67 
11). Many efforts have focused on the manipulation of existing pathways by creating 68 

chimeric proteins that combine the sensing domains of one protein with the signaling 69 
output of another(12–15). This strategy has been used to control protein activity through 70 

foreign autoinhibitory interactions(12), leading to the downstream control of cell 71 
morphology(13), organization(16) and migration(17). More recent work has focused on a 72 

generalized approach to controlling transduction, in which a modular extracellular sensor 73 
combined with a re-wired signaling pathway enables transgene expression(18). 74 

These approaches have used genetic manipulation of existing eukaryotes or 75 

prokaryotes. An alternative method for engineering biology comes from the bottom-up 76 
construction of biological systems(19, 20). This nascent field aims to create soft matter 77 

structures with cellular functions and behaviours that are engineered to carry out specific 78 
tasks. Artificial cells (ACs) can be constructed from biological or synthetic molecules and 79 

have been used to reconstitute cellular behaviours such as protein expression(21), cell 80 
division(22) and minimal metabolism(23). They are also capable of communication; both 81 
AC-AC(24) and AC-biological cell(25) communication systems have been developed 82 
through the combination of sensing modules with cell-free expression outputs. This can 83 
enable ACs to behave as chemical translators, allowing non-natural bacterial 84 

communication to occur(25). Exogenous stimuli such as light have also been utilised to 85 
control gene  expression in synthetic tissues(26), enzymatic microreactors(27, 28) and 86 
artificial photosynthetic organelles(29).  87 

One challenge unaddressed to date involves the creation of de novo signaling 88 

pathways in bottom-up systems, which is particularly important given the difficulty in 89 
reconstituting native transduction pathways involving G-protein-coupled receptors 90 

(GPCRs)(30). Constructing new signaling pathways from the bottom up is needed to 91 

alleviate a bottleneck that has hindered the design of ACs with enhanced functionalities, 92 
for example that can dynamically respond to their surroundings through activation of 93 



internal processes.  The relative simplicity of ACs make them an ideal foundation for 94 

pathway construction; recombinant proteins can be readily combined with non-natural 95 

sensing(31), structural(32) and processing(33) molecules found in chemistry and 96 
nanotechnology to create plug-and-play networks that are challenging to integrate into a 97 
living system. Here we make use of a previously reported interaction in which one 98 
protein (P1) can interact with a second (P2) using the membrane (M) as a 99 
communication pathway(34). This protein – membrane – membrane protein interaction 100 

(P1-M-P2) has been previously used to control triggered release from a population of 101 
mechanosensitive vesicles, where P1 and P2 are secretory phospholipase A2 (sPLA2) 102 
and the mechanosensitive channel of large conductance (MscL) respectively.  103 

sPLA2 (P1) is a calcium-dependent enzyme that catalyses phosphatidylcholine 104 
lipids to lyso-phosphatidylcholine (LPC) and a concomitant fatty acid at the sn-2 105 

position(35). Production of LPC in the external leaflet of vesicles results in an 106 

asymmetric change in the lateral pressure profile of the membrane (M)(36). This can be 107 
sensed by MscL (P2)(37), a homopentameric integral membrane protein that can 108 

respond to changes in membrane mechanics(38) by opening a large, non-specific pore 109 
~2.5-3 nm in diameter(39), resulting in content release of molecules up to 10 kDa in 110 
size(40). The response of MscL to sPLA2 can be considered as a protein-protein 111 

interaction that occurs through the lipid bilayer itself and has the potential to be used as 112 
a network motif to couple chemical or mechanical changes within an AC to a functional 113 
output. 114 

As the sPLA2-M-MscL network relies on active phospholipase enzymes as an 115 
input, in theory the full network can be activated by the controlled introduction of calcium 116 

into the AC. Here we demonstrate that P1-M-P2 networks can be used to trigger events 117 

in a compartmentalized AC, making use of the sPLA2-M-MscL network to control the 118 

concentration of the fluorescent molecule calcein in the vesicle lumen (Figure 1). To do 119 
this we employ a nested vesicle motif(28), where mechanosensitive inner vesicle 120 

compartments are encapsulated in a larger vesicle (Figure 1A). This is achieved by 121 
combining traditional detergent-mediated protein reconstitution strategies(41) with 122 
emulsion phase transfer(42). The phospholipase enzyme is also encapsulated in the 123 

larger vesicle but is rendered inactive through the inclusion of the calcium chelator 124 
ethylenediaminetetraacetic acid (EDTA). An EDTA-saturating calcium flux can be 125 

controllably introduced by permeabilizing the outer vesicle membrane with alpha 126 
hemolysin (αHL)(43). By increasing the availability of calcium within the artificial cell, the 127 
sPLA2-M-MscL network is activated (Figure 1B), and the fluorescence of the artificial cell 128 

is increased through calcein release into the main compartment of the vesicle (Figure 129 
1C).  130 

To our knowledge this is the first time that a synthetic signaling pathway has been 131 
created in a bottom-up synthetic biological system and represents a foundation for the 132 

engineering of multi-compartment-spanning designer pathways that can be utilised to 133 
control downstream events inside an artificial cell.134 



Results  135 

 136 

Using nested vesicle systems to build synthetic communication pathways 137 

We have recently shown that functional nested vesicles (otherwise known as 138 
vesosomes (44)) can be created using emulsion phase transfer and lend themselves 139 
well to a modular-based construction approach(28). By loading giant vesicles with a 140 
mechanosensitive vesicle ‘module’, we can readily test the feasibility of pathway creation 141 

in bottom-up systems. 142 

Making use of the size-independent encapsulation of water-soluble molecular 143 
species intrinsic to emulsion phase transfer(45) (Figure S1), we assembled the nested 144 
vesicle system containing an outer lipid membrane composed of 1-palmitoyl-2-oleoyl-sn-145 
glycero-3-phosphocholine (POPC), which contained 1,2-dioleoyl-sn-glycero-3-146 

phophocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phophoglycerol (DOPG) large 147 
unilamellar vesicles (LUVs) at a 1:1 molar ratio containing reconstituted G22C F93W 148 
MscL and a self-quenching concentration of calcein. The bee venom phospholipase A2 149 

enzyme and EDTA were also encapsulated. Nested vesicle composition is shown and 150 

discussed further in Figure S2 and Table S1; the stability and functionality of this 151 
composition was determined from initial experiments with mechanosensitive vesicles as 152 

detailed below and in the supplementary information. Gel electrophoresis data of purified 153 
G22C F93W Mutant of MscL (E. coli) is additionally shown in figure S3. 154 

In order to activate the nested system, permeabilization of the outer membrane is 155 

necessary due to the low permeability of Ca2+ across lipid bilayers. We achieved this 156 
through the addition of αHL, a water-soluble protein toxin that can self-assemble in the 157 

membrane to form oligomeric pores that are permanently open(43). Previous work(46) 158 
has shown that αHL will readily self-assemble in GUV membranes, enabling permeation 159 

of small molecules. To confirm successful encapsulation of the nested structure of MscL-160 
vesicles in the GUV, inner compartments were labelled with Rhodamine-PE lipid to 161 

fluorescently visualise the full system. Using bright-field and fluorescence microscopy the 162 
outer membrane, inner membranes and calcein cargo can be visualised (Figure S4A, B 163 
and C respectively), confirming that the nested structure was successfully produced.  164 

Although the experiments in figure S4 confirmed successful formation of nested 165 
vesicles, quantification of LUV encapsulation efficiency is essential to evaluate vesicle 166 

composition and enable analysis of encapsulated component functionality. To address 167 
this, confocal fluorescence microscopy was used to quantify the encapsulation of 168 

rhodamine PE-labelled LUVs in nested systems. The fine spatial resolution of confocal 169 
microscopy leads to reduced error in measurements compared to widefield microscopy, 170 
improving the accuracy of encapsulation efficiency estimation(47). The average 171 
encapsulation efficiency of PC:PG vesicles at millimolar concentration in POPC GUVs 172 
was estimated to be 67.59 ± 1.94 %, (Table S2) as estimated using the linear 173 

relationship in PC:PG lipid concentration and Rhodamine-PE fluorescence obtained 174 
between 0.0225 – 6.35 mM (r2 = 0.992, figure S5A). This loss is attributed to the rupture 175 
of encapsulated vesicles to stabilise the water/oil interface during emulsion generation. 176 
When lipids are present in both phases, competition occurs between vesicles rupturing 177 
from the aqueous phase and inverse micelles rupturing the oil phases during monolayer 178 
formation, leading to the disruption of a percentage of the encapsulated vesicle 179 

population(48). These efficiencies may therefore be increased above ~70% if greater 180 

lipid concentrations are encapsulated in the oil and/or water phases during emulsion 181 
generation. 182 



It can therefore be assumed that successful production of a nested vesicle with 183 

millimolar internal lipid content occurs with ~30% loss of LUV content during the 184 

emulsion phase transfer process. This is acceptable for the proof-of-principle work 185 
undertaken here and compares favourably to previous studies of nested vesicle 186 
encapsulation efficiency. Previous hydration-based methods of nested vesicle (or 187 
vesosome) production have yielded encapsulation efficiency averages of ~50-60%(49–188 
51), indicating that emulsion methods out-perform the production of nested vesicles 189 

through sequential extrusion(51) and perform at least equally as well as nested vesicles 190 
produced through the encapsulation of LUVs during cochleate cylinder to giant vesicle 191 
transition(49, 52). 192 

To confirm network activation, fluorescence spectroscopy and microscopy was 193 
used to assess calcein fluorescence changes in the full vesicle population as well as 194 

monitor changes in individual vesicles. As can be seen in Figure 1D and Figure S6, 195 

nested vesicles containing MscL in their inner compartment membranes can successfully 196 
respond to a calcium concentration of 10 mM, showing ~10-fold increase in calcein 197 

fluorescence 100 minutes after Ca2+ addition compared to nested vesicles lacking the 198 
channel. Lower (2.5 mM) and higher (15, 30 mM) calcium concentrations resulted in 199 
either negligible or MscL-independent release of calcein respectively; negligible release 200 

occurs at low Ca2+ concentrations due to insufficient Ca2+ present to saturate the EDTA 201 
in the vesicle, whilst at high Ca2+ concentrations MscL-vesicle aggregation within the 202 
GUV leads to uncontrolled calcein flux, as shown by dynamic light scattering (Figure S7). 203 

This uncontrolled flux could occur due to the high local concentrations of 204 
lysophosphatidylcholine and oleic acid produced upon phospholipase activity of 205 

aggregated vesicles, which are known to act as membrane permeability enhancers(53). 206 

Oleic acid is also known to mediate membrane fusion between calcium-aggregated 207 

phosphatidylserine vesicles where content leakage to the environment occurs alongside 208 
fusion(54). Stability of inactivated nested vesicles was additionally monitored (Figure 209 

S8); without permeabilisation of the outer membranes with αHL a slow decrease in 210 
fluorescence occurs over 14 hours, indicating that negligible calcein leakage is occurring 211 
from the inner, mechanosensitive vesicles due to enzyme activation or passive leakage 212 

and the full system is stable. 213 

Whilst fluorescence spectroscopy of the full system indicated that the 214 

mechanosensitive pathway could be controlled inside nested vesicles, spectroscopy 215 
captures solution fluorescence and so can only give information on the whole vesicle 216 
population. As nested vesicles exist on the microscale, fluorescence microscopy can be 217 

employed to monitor the fluorescence of individual vesicles (Figure 1E). To confirm that 218 
the positive result observed in spectroscopy measurements was due to the controlled 219 
activation of the mechanosensitive pathway within the giant vesicle and not caused by 220 

the destruction of the nested structure, αHL was added to a population of nested 221 

vesicles before adding 10 mM Ca2+ and monitoring the fluorescence of individual 222 
vesicles over 90 minutes. As can be seen in Figure 1E, if MscL is present in the internal 223 
membranes a fluorescence intensity increase can be observed in the vesicles (red 224 
squares). If, however either MscL is absent from the internal membranes (blue circles) or 225 
αHL from the external membrane (yellow triangles) no increase in fluorescence occurs. 226 

The gradual overall decrease over time for control experiments is attributed to 227 
photobleaching of the calcein in the inactivated systems.   228 

Statistical testing confirms that the fluorescence increases for vesicles containing 229 
the full pathway is significant compared to both the –MscL and - αHL controls (p< 0.005; 230 
unpaired t-test, n=15/14/13 for full system, -MscL and – αHL respectively). Interestingly, 231 



we note that the release behaviour observed in nested vesicles is comparable to calcein 232 

release from unencapsulated mechanosensitive vesicles activated with sPLA2 (Figure 2A 233 

below). As the time constants from the fitted exponential functions are within error 234 
(t1nested =19.61 ± 1.36 min, t1free=18.83 ± 0.58 min) we conclude that the release rate of 235 
calcein in the nested system is equivalent to calcein release profiles from free vesicles 236 
(Supplementary note 1 and Figure S9). This confirms that the pathway is functional, both 237 
proteins are necessary for pathway activity, and that bulk release behaviour has been 238 

successfully compartmentalized. Additionally, the lack of activity in the absence of MscL 239 
confirms that nested vesicle fluorescence increase is not due to permeabilisation of inner 240 
membranes by αHL, indicating that these results are a true reflection of pathway 241 
functionality. We can therefore attribute the increase in fluorescence observed in 242 
spectroscopy experiments to a controlled activation of the pathway inside the 243 

microcompartment of the nested vesicle.  244 

 245 

Controlling sPLA2-M-MscL network activity via calcium chelation 246 

Before encapsulation of the full system was attempted, it was critical to confirm 247 

that sPLA2-M-MscL network function could be controlled through calcium chelation. 248 
Large unilamellar DOPC:DOPG vesicles were produced through thin-film rehydration, 249 

extrusion and detergent-mediated reconstitution of recombinant G22C F93W MscL. After 250 
removing octyl β-D-glucopyranoside detergent from vesicles using hydrophobic 251 

adsorption chromatography, unencapsulated calcein was removed through size-252 

exclusion chromatography (Figure S10) to yield calcein-loaded MscL-vesicles ~100 nm 253 
in diameter (Figure S11).  254 

Network function was demonstrated through the sPLA2-dependent release of 255 
calcein from MscL-containing vesicles (Figure 2). Here, concentration dependence is 256 

observed over three orders of magnitude from 0.05 nM to 5.00 nM (0.3 – 30 U/ml) for 257 
vesicles containing MscL. If the channel is removed from the membrane, negligible 258 

release is observed over 100 minutes, indicating that MscL is key to triggering calcein 259 
flux from DOPC:DOPG vesicles at the low concentrations of sPLA2 used here.  260 

After confirming network function, the next step was to successfully inactivate 261 

sPLA2. EDTA is a hexadentate ligand which chelates divalent cations and removes them 262 
from solution, and as such increasing concentrations of the calcium chelator EDTA was 263 

added to MscL-vesicles (Figure 3A). The observed calcein flux 1 hour after the addition 264 
of 0.5 nM sPLA2 was then used as a measure to estimate the fraction of Ca2+ chelation 265 

in solution. An EDTA-dependent reduction in calcein flux was observed with increasing 266 
EDTA concentration, with leakage significantly reduced upon addition of 0.25 mM EDTA 267 
before being reduced to background levels from 0.5 mM EDTA and upwards. It can 268 
therefore be inferred that 2.5 to 5-fold greater EDTA is necessary to fully chelate 0.1 mM 269 
Ca2+. This is likely due to competition for calcium association by the strongly negatively 270 

charged MscL-vesicles(55) as well as the pentachelating state of EDTA at pH 7.4, which 271 
reduces the affinity of the molecule for Ca2+(56).  272 

Once network inhibition was successfully shown, re-activation of the network 273 
through addition of Ca2+ to systems inhibited with 2.5 mM EDTA was undertaken. Here, 274 
calcein flux of the system was measured for 45 minutes to confirm that complete 275 
inhibition was occurring (shown in Figure S12). Different concentrations of Ca2+ (0.5 – 276 

10.0 mM) were then introduced into solution, and fluorescence was monitored for a 277 

further 90 minutes as shown in Figure 3B. As expected, addition of upwards of 2.5 mM 278 
Ca2+ caused re-activation of the network, resulting in Ca2+ concentration-dependent 279 



calcein flux from vesicles 60 minutes after Ca2+ addition (Figure 3C). Again, if the MscL 280 

channel is removed from vesicles concentration-dependent flux is lost, indicating that the 281 

channel is essential for triggered release. 282 

 283 
Discussion  284 

In this work we demonstrate the creation of a nested vesicle-in-vesicle artificial 285 
cell that can respond to an external Ca2+ stimulus by initiating a mechanosensitive 286 

sPLA2-M-MscL network, which results in controlled calcein release from nanoscale 287 
MscL-vesicles into the main compartment of the artificial cell (AC). Similarities between 288 
the engineered pathway and that of biological transduction processes include: the use of 289 
a Ca2+ as a key messenger in the process; the ~20,000-fold increase in calcium 290 
concentration (nM to mM) in the AC lumen upon pathway activation(5); the controlled 291 

activation of protein machinery in the pathway and a resultant change in the cell (in our 292 
case simply in its temporal fluorescent behaviour).  293 

This pathway acts as a foundation that can be extended in two main ways:   294 

1) Integrating the use of a primary messenger to gate calcium flux into the artificial 295 

cell (resulting in signal amplification). 296 

2) Enabling a biochemical output for the pathway. 297 

The first point can be addressed through reconstitution of receptor proteins, for 298 
example glutamate receptors from the excitatory neurotransmitter pathway which 299 
respond to a glutamate primary messenger by triggering calcium influx(57). However, 300 

one of the major advantages when designing bottom-up synthetic biology structures is 301 

that elements of extant biological machinery can be combined with non-native molecular 302 
systems. This enables a streamlining of pathway design that can result in the 303 
construction of synthetic pathways with equivalent functional output, but that are simpler 304 

in design to transduction pathways created by nature.  305 

In this proof-of-principle study we have utilised αHL to solve the problem of 306 

controlled calcium introduction to the artificial cell. This paves the way for the 307 
development of second-generation systems, utilising rational design of the cell structure 308 
to modulate membrane permeability. Although only fluorescence changes within the 309 

artificial cell have been produced as the output in this work, more complex molecular 310 
processes can be controlled through triggered-release strategies. As MscL has a large 311 

pore diameter of ~2.5-3 nm when open, small molecules, biopolymers and even small 312 

proteins can pass through the channel(58). This, coupled with the use of emulsion phase 313 

transfer to create the nested vesicles gives versatility when considering pathway design, 314 
as size-independent content encapsulation can be achieved alongside the system 315 
developed here. As such, further complexity can be readily built into the designed 316 
system, opening up the possibility for the creation of multi-responsive ACs. Future work 317 
will focus on extending the pathway as well as building reversibility into the sPLA2-M-318 

MscL interaction utilised here. 319 

In conclusion, we have designed a multi-compartment, synthetic communication 320 
pathway that utilises protein communication through inner lipid membranes to control the 321 
fluorescence behaviour of an artificial cell. The framework designed here is modular and 322 
can be readily integrated with the increasingly large tool-kit offered by bottom-up 323 

synthetic biology to create a new generation of artificial cells. These structures can be 324 

quickly designed and tested compared to the genetic editing of extant biological systems, 325 
persist for shorter lengths of time in the environment, and can be rationally designed to 326 



utilise all available resources to accomplish their primary function. Such soft matter 327 

systems could be utilized across biotechnology, functioning as responsive biochemical 328 

factories that could be applied in areas from environmental remediation to the long-term 329 
monitoring of disease development in vivo.  330 

 331 
Materials and Methods 332 

1,2-dioleoyl-sn-glycero-3-phophocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-333 

phophoglycerol (DOPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 334 
were obtained from Avanti Polar Lipids™ (USA). Detergent Octyl-b-D-Glucopyranoside 335 
(OG) was purchased from Affymetrix (USA). SM-2 Adsorbant BioBeads were purchased 336 
from BioRad (USA). All other reagents were purchased from Sigma Aldrich (UK). 337 

Expression and purification of recombinant G22C F93W MscL 338 

E. coli BL21 (DE3) cells carrying the pET28a (Novagen) vector with chemically gated 339 

MscL gene (G22C and F93W mutations) were grown overnight in Luria broth (LB) 340 
(30μg/ml kanamycin) at 370C and 250 rpm. The overnight culture was then reseeded 341 

1:100 into 1L fresh LB (30μg/ml kanamycin) and incubated at 37°C and 250 rpm to the 342 

maximum of the exponential phase (OD600 = 1). Note that all subsequent volumes are 343 
for expression and purification from 6L fresh LB. Protein production then induced for 90 344 

min in the presence of isopropyl β-D-thiogalactopyranoside (IPTG) (0.5 mM). MscL was 345 
purified using a modified protocol of Perozo et al., (2001)49. Briefly, cells were collected 346 
by centrifugation at 16,000g (45 minutes, 4°C) and resuspended in 50ml of 20mM 347 

HEPES, 100mM KCl and 0.1mM phenylmethanesulfonylfluoride (PMSF) solution. Cells 348 
were then lyzed by two passages through a cell disruptor (Constant Systems Cell 349 

Disruptor Model T5) at 25 kpsi. Membrane fractions were isolated through centrifugation 350 
(100,000g, 1hr, 4°C) and solubilised in solubilisation buffer (20 mM HEPES pH 7.2, 100 351 

mM KCl, 2% (w/v) DDM, EDTA-free cOMPLETE protease inhibitor) overnight with 352 
rotation. Insoluble material removed by centrifugation (100,000g, 30 min, 4°C). 353 

Supernatant diluted 2-fold in 20 mM HEPES pH 7.2, 100 mM KCl and DDM-solubilised 354 
protein batch-bound to 4ml TALON cobalt metal affinity resin with rotation for 90 min at 355 
4°C. Centrifugation at 1000g until resin pelleted (5-10mins) and supernatant removed, 356 

avoiding disturbing the pellet. 357 

Non-specific protein binding was removed by washing the resin with 40 ml wash 358 

buffer (20 mM HEPES pH 7.2, 100 mM KCl, 0.13% DDM, 0.1mM PMSF and 6 mM 359 
imidazole), incubating the suspension for 10 min at 4°C with rotation. The resuspended 360 

resin was pelleted again via centrifugation (1000g, 5-10 min), supernatant removed and 361 
pellet resuspended in 10 ml wash buffer and transferred to a gravity-flow column where 362 
the resin was allowed to settle out of suspension. MscL was eluted in 15 ml elution buffer 363 
(20 mM HEPES pH 7.2, 100 mM KCl, 0.13% DDM, 0.1 mM PMSF, 150 mM imidazole) 364 
and concentrated to ~2 ml using an Amicon Ultra 100,000 MWCO centrifugal 365 

concentrator (Millipore). Imidazole removed using a PD-10 desalting column (GE 366 
Healthcare) and concentrated again using an Amicon Ultra 100,100 MWCO centrifugal 367 
concentrator before being snap frozen in liquid nitrogen and stored at -80°C until 368 
reconstitution. The concentration of purified MscL was then quantified using a NanoDrop 369 
2000 UV-vis Spectrophotometer (Thermo Scientific), measuring the absorbance at 280 370 
nm. Average MscL concentrations varied between 0.15- 1.5 mM.  371 

Preparation of 1:1 DOPC:DOPG large unilamellar vesicles containing reconstituted 372 

MscL 373 



To prepare 12.5 mM (5mg) of 1:1 DOPC:DOPG (mol/mol) lipid films, 2.5 mg of DOPC 374 

and 2.53 mg DOPG were weighed out and dissolved in chloroform. This lipid solution 375 

was then gently mixed for 2 min before evaporating the chloroform under a stream of 376 
N2(g) and storing the resultant film under vacuum overnight at room temperature. Films 377 
were rehydrated with 40 mM octyl-beta-D-glucopyranoside (OG), 50 mM calcein, 20 mM 378 
HEPES, 100 mM KCl at pH 7.4 to a concentration of 10 mg/ml and freeze-thawed 3 379 
times, flash-freezing the suspension in N2(l) each time before heating to 50°C and 380 

vortexing for 1 minute at a time. Vesicles were extruded through 0.1 μm polycarbonate 381 
filters 11 times to produce a suspension of large unilamellar vesicles ~ 100 nm in 382 
diameter. Vesicles were then added to G22C F93W MscL at a 50,000:1 lipid:protein 383 
molar ratio, and left on rotator bars for 45 minutes at 4°C. OG was then removed through 384 
the addition of 300 mg of SM-2 Bio-Beads (mesh size 25-50, Bio Rad (USA)) in 3 x 100 385 

mg batches, leaving the lipid-MscL-OG suspension on rotator bars for 1 hour with each 386 

batch of beads at 4°C. Unencapsulated calcein was then removed by size-exclusion 387 
chromatography using a Sephadex G-50 column, loading a maximum of 10 µmol MscL-388 

vesicles, eluting the sample with sucrose buffer (500 mM sucrose, 100 mM KCl, 20 mM 389 
HEPES, pH 7.4) in fractions of 300μl. Control samples (-MscL) were prepared identically 390 
except with the addition of 0.13 % DDM. 391 

Formation of nested vesicles via emulsion phase transfer 392 

2.63 mM (4 mg) POPC was suspended in mineral oil (2 ml), vortexed for 60 seconds and 393 
sonicated at 37 Hz for 45 minutes to give a lipid-in-oil solution. The aqueous phase was 394 

created by mixing calcein loaded MscL-vesicles 1:1 (v/v) with a phospholipase solution 395 
(1 nM b.v. sPLA2, 5 mM EDTA, 500 mM sucrose, 20 mM HEPES, 100 mM KCl pH 7.4). 396 

The sPLA2/EDTA solution was mixed for 10+ minutes before combination with vesicles 397 

to ensure inactivation of sPLA2 due to calcium chelation.  398 

Emulsions were then generated at 10:1 (v/v) of POPC in mineral oil: aqueous 399 
phase containing MscL-vesicles, sPLA2 and EDTA in sucrose buffer by combining both 400 

phases and pipetting 5-10 times until a homogeneous emulsion was formed. The 401 
emulsion was then layered on top of a glucose buffer (500mM glucose, 20 mM HEPES, 402 
100 mM KCl pH 7.4) before centrifuging the sample for 15 minutes at 9000 x g at room 403 

temperature to form a nested vesicle pellet. The oil and glucose was removed before re-404 
suspending the nested vesicles in fresh glucose buffer, and any free calcein/MscL 405 

vesicles/sPLA2 was removed by re-pelleting the vesicles through centrifugation for 10 406 
minutes at 6000 x g, removing the glucose supernatant and re-suspending the nested 407 
vesicles again. This process was carried out twice before further experiments. For 408 

spectroscopy based experiments, sucrose buffer was used for the final vesicle re-409 
suspension to ensure that the vesicles did not settle due to density differences in the 410 
spectrometer well-plate. LUV-free GUVs were prepared following the same protocol, the 411 
only difference being the use of calcein buffer (0.5mM calcein, 500 mM sucrose, 20 mM 412 

HEPES, 100 mM KCl, pH 7.4) as the aqueous phase. 413 

Fluorescence Spectroscopy of Vesicles 414 

The fluorescence of all vesicle samples was recorded in 96-well plates, with calcein 415 
fluorescence emission recorded at λex/em = 494/514 nm. Large unilamellar DOPC:DOPG 416 
vesicles +/-MscL were diluted in sucrose buffer at a 1:50 (v/v) ratio, whilst nested 417 
vesicles +/-MscL were diluted in sucrose buffer at a 1:8 (v/v) ratio. Baseline recordings 418 

(F0) were collected for 10+ minutes prior to reagent addition in all experiments. Triton X-419 

100 (3 v/v%) was added at the end of each assay, left for 15 minutes to enable complete 420 
vesicle lysis and then the samples were imaged for a further 10 minutes (complete lysis 421 



was established by negligible change in fluorescence during final imaging, as well as 422 

upon the addition of further Triton X-100). Measurement of lysed vesicles provides the 423 

maximum fluorescence value for each well (FEND), allowing for normalization of results. 424 
Since the amount of vesicles in each well remains constant, the percentage and rate of 425 
fluorescence increase can be directly related to the release of dye through open MscL 426 
pores(34, 59). Normalised fluorescence data was obtained using equation 1, where Ft is 427 
the fluorescence value at a given time.  428 

𝐶𝑎𝑙𝑐𝑒𝑖𝑛 𝐹𝑙𝑢𝑥 (%) =
𝐹𝑡−𝐹0

𝐹𝐸𝑁𝐷−𝐹0
∗ 100  (1) 429 

Triggering MscL opening using sPLA2  430 

sPLA2 was added at concentrations ranging from 0.05 nM to 5 nM (final concentration) to 431 

wells containing LUVs +/-MscL. Sample fluorescence was recorded every 5 minutes for 432 

two hours before lysis.  433 

Inactivating sPLA2 in LUV experiments 434 

EDTA was added at concentrations from 0.25 mM to 2.5 mM (final concentration) to 435 
wells containing LUVs +/- MscL mixed and incubated for 1 hour. sPLA2 (0.5 nM) was 436 
then added to each well and sample fluorescence was recorded every 2 minutes for a 437 

further hour.  438 

Reactivating mechanosensitive networks through Ca2+ addition 439 

EDTA (2.5 mM) was added to wells containing LUVs +/-MscL and imaged for 1 hour. 440 
sPLA2 (0.5 nM) was added and the fluorescence was measured for 45 minutes to ensure 441 
network inactivation. CaCl2 was then added at 0.25 mM – 10 mM (final concentration) 442 

before recording sample fluorescence every 5 minutes for a further 100 minutes. 443 

Activating the mechanosensitive pathway in nested vesicles 444 

αHL was added to nested vesicle-containing wells at a 1:10 ratio. After 45 minutes of 445 
imaging, CaCl2 was added at 2.5 mM – 30 mM. The sample fluorescence was recorded 446 

every 10 minutes for a further 3 hours. When testing the stability of nested vesicles, 447 
samples were diluted in sucrose buffer at a 1:8 (v/v) ratio as above without adding CaCl2, 448 
and sample fluorescence was recorded every 10 minutes for 15 hours. 449 

Optical and Fluorescence Microscopy of Vesicles 450 

GUVs were imaged on a Nickon Eclipse TE 2000-E Inverted Microscope connected to a 451 
QICAM camera (QImaging, Surrey, Canada) illuminated by a mercury arc lamp. The 452 

TRITC filter (Ex. 535 nm, Em. 590nm, dichroic 575 nm) and the FITC filter (Ex. 489 nm, 453 
Em. 535 nm, dichoric 505 nm) were used to capture rhodamine and calcein fluorescence 454 
respectively. Phase contrast and fluorescence images were taken of all samples. All 455 
images were analyzed and manipulated using ImageJ/FIJI 1.46 software (National 456 
Institute of Health, USA). Fluorescence intensity was extracted using the Mean Grey 457 

Value option. 458 

Samples were imaged on 1% BSA-coated glass imaging slides to prevent wetting 459 
and rupture of the nested vesicles to the glass surface. Slides produced by depositing a 460 
50 µL of 1% BSA in DI on the glass slide, followed by evaporation of the solution 461 
overnight in a 60°C oven to leave a protein film. Slides then rinsed under a stream of DI 462 
water and dried with N2(g) to leave behind a dry protein monolayer. 463 

Nested vesicles were imaged in wells containing the following: 4:4:1:1 nested 464 

vesicles:glucose buffer:CaCl2 (100mM; final concentration = 10 mM)) in glucose buffer, 465 



αHL (0.5 mg/ml; final concentration = 0.05 mg/ml in citrate buffer as provided by Sigma 466 

Aldrich). For control experiments without αHL an equal volume of glucose buffer was 467 

added, and for controls without MscL nested vesicles were created with 1:1 468 
DOPC:DOPG vesicles lacking the channel. The solution was mixed to ensure αHL 469 
insertion into nested vesicle membranes. When monitoring activation of the 470 
mechanosensitive pathway in single vesicles, images were taken on a 20x magnification 471 
every two minutes in both bright-field and fluorescence (FITC) channels. A 100 ms 472 

exposure time was used for bright-field and 500 ms exposure time was used for 473 
fluorescence measurements. To minimise photobleaching the lamp was turned off 474 
immediately after each sample acquisition. Fluorescence was normalised with respect to 475 
vesicle volume and the fluorescence increase was recorded as a % increase from the 476 
vesicle fluorescence at t=0.  477 

Confocal Fluorescence Microscopy of Vesicles 478 

A Leica TCS SP5 confocal fluorescent microscope was used with a 20× objective set 479 
with a 113.2 µm pinhole. The field of view was set to 775 × 775 µm (512 × 512 pixels) 480 

and the samples were acquired at a frequency of 400 Hz with three line averages. The 481 
excitation was achieved with a wavelength of 543 nm (HeNe 543 laser) and absorbance 482 
was set at between 560 and 600 nm. DOPC:DOPG:Rhod-PE (50:49:1 molar ratio) LUVs 483 

prepared at 12.7 mM in sucrose buffer (0.5M sucrose, 20 mM HEPES, 100 mM KCl pH 484 
7.4) were freeze-thawed 4 times and extruded 21 times through a 100 nm filter before 485 
diluting to the relevant concentration. Slides and nested vesicles were prepared as 486 

above and nested vesicles diluted 2-fold in glucose buffer before imaging. Extracted grey 487 
scale fluorescence values were converted into a lipid concentration through use of a 488 

Rhod-PE-labelled PC:PG (1:1 molar ratio) LUV calibration curve (Figure S5). 489 

Encapsulation efficiencies were then estimated using the following equation: 490 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (
𝐶𝑒𝑛𝑐𝑎𝑝

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) ∗ 100  (2) 491 

Where cencap and cinitial are the encapsulated and initial lipid concentration respectively. 492 

Dynamic Light Scattering of Large Unilamellar Vesicles 493 

DLS data was obtained on a Delsa™ Nano C Particle Analyser (Beckman Coulter, USA) 494 

with an argon ion laser light source using a 514.5 wavelength beam. Scattered light was 495 

detected at an angle of 163 °C from the transmitted beam to minimize the effects of 496 
reflection. Samples were diluted in sucrose buffer (500 mM sucrose, 100 mM KCl, 20 497 

mM HEPES, pH 7.4) at a 1:10 ratio and imaged in a quartz cuvette. 30 mM CaCl2 was 498 

added when monitoring calcium induced size changes. The sample was gently pipetted 499 
each time to ensure complete suspension and imaged at 0, 60 and 180 minutes after 500 
CaCl2 addition. 501 
 502 
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Figures Legends 673 

 674 

 675 

Fig 1. Using the sPLA2-M-MscL network to build a synthetic mechanosensitive 676 

signaling pathway inside an artificial cell.  A. Composition of the nested artificial cell: 677 

a microscale POPC membrane encloses 1:1 DOPC:DOPG vesicles containing 678 

reconstituted mechanosensitive channel of large conductance (MscL), secretory 679 

phospholipase A2 (sPLA2) enzyme and EDTA to chelate trace calcium present in the 680 

artificial cell. B. Function of the sPLA2-M-MscL network. i. MscL is reconstituted into a 681 

DOPC:DOPG membrane and is closed in the absence of tension or asymmetry in the 682 

membrane. sPLA2 is added to the solution. ii. sPLA2 binds to the membrane and begins 683 

to catalyse the production of lyso-PC and a concomitant fatty acid. The asymmetric 684 



generation of lyso-PC begins to asymmetrically change the pressure profile of the lipid 685 

bilayer. iii. Once a critical amount of lyso-PC has been produced, MscL responds to the 686 

lateral pressure change by opening to form a 3-4 nm diameter pore in the lipid bilayer. 687 

Encapsulated cargo is then released across the membrane. C. The proposed functioning 688 

of the synthetic mechanosensitive signaling pathway. Ca2+ is prevented from entering 689 

the nested vesicle due to the presence of the outer POPC membrane. Permeabilization 690 

of the outer membrane (here accomplished with αHL) then results in a calcium influx, 691 

activating latent sPLA2 in the vesicle lumen. This activates the sPLA2-M-MscL network, 692 

resulting in content release (and potentially the control of downstream events) within the 693 

artificial cell. D. Monitoring activation of the mechanosensitive pathway with fluorescence 694 

spectroscopy. Successful activation is triggered by addition of ~10 mM Ca2+. Error bars 695 

represent 1 S.D. (n=3). E. Confirming activation of the pathway through fluorescence 696 

microscopy of individual nested vesicles. Both MscL and αHL are necessary to increase 697 

vesicle fluorescence (red squares), whilst absence of MscL (blue circles) or αHL (yellow 698 

triangles) prevents network activation. Error bars represent 1 S.E.M. (n=15/14/13 699 

respectively). Inset highlights micrographs of a nested vesicle in bright field and 700 

fluorescence microscopy of pathway activation within the nested vesicle at t = 0, 30 and 701 

60 minutes respectively. Scale bar = 10 μm for all images.  702 

 703 

Fig 2. MscL is essential for sPLA2-M-MscL Communication. A. The release of 704 

calcein from 1:1 DOPC:DOPG vesicles can be monitored spectroscopically over time. 705 

sPLA2 is added at 10 minutes, before monitoring calcein fluorescence for 100 minutes. 706 

Release of calcein from vesicles results in a fluorescence increase as the dye dilutes in 707 

external solution and self-quenching becomes inefficient. Error bars show propagated 708 

error of 1 S.D. (n=3). B. Total calcein flux at 100 minutes for vesicles +/-MscL. sPLA2-709 

concentration dependent calcein flux is only observed for vesicles containing MscL. Error 710 

bars show 1 S.D. (n=3). 711 

 712 

 713 



 714 

Fig 3. The sPLA2-M-MscL network can be controlled through calcium chelation. A. 715 

sPLA2 inactivation, and hence network activation can be achieved through addition of 716 

increasing concentrations of the Ca2+ chelator EDTA. Error bars = 1 S.D. (n=3). B. 717 

Monitoring reactivation of the network using calcein flux after addition of Ca2+ (0-10.0 718 

mM) to solutions containing the network and 2.5 mM EDTA. Error bars show 1 S.D. 719 

(n=3). C. Total calcein flux after 60 minutes for 1:1 DOPC:DOPG vesicles +/- MscL 720 

showing that the MscL channel is necessary for network re-activation with Ca2+. Error 721 

bars show 1 S.D. (n=3). 722 


