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Abstract 

Advancing the spontaneous bottom-up construction of artificial cells with high organizational complexity and 
diverse functionality remains an unresolved issue at the interface between living and non-living matter1,2,3,4. 
Here, to address this challenge, we developed a living material assembly process based on the capture and on-
site processing of spatially segregated bacterial colonies within individual coacervate microdroplets for the 
endogenous construction of membrane-bounded, molecularly crowded, and compositionally, structurally and 
morphologically complex synthetic cells. The bacteriogenic protocells inherit diverse biological components, 
exhibit multifunctional cytomimetic properties and can be endogenously remodelled to include a spatially 
partitioned DNA–histone nucleus-like condensate, membranized water vacuoles and a three-dimensional 
network of F-actin proto-cytoskeletal filaments. The ensemble is biochemically energized by ATP production 
derived from implanted live Escherichia coli cells to produce a cellular bionic system with amoeba-like external 
morphology and integrated life-like properties. Our results demonstrate a bacteriogenic strategy for the 
bottom-up construction of functional protoliving microdevices and provide opportunities for the fabrication 
of new synthetic cell modules and augmented living/synthetic cell constructs with potential applications in 
engineered synthetic biology and biotechnology. 
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Main 

Establishing true-to-life functionality in synthetic cells is a global grand challenge that traverses multiple fields, 
including synthetic biology, bioengineering and origin of life research (see, for 
example, https://www.basyc.nl/; https://www.buildacell.org/; and https://www.syntheticcell.eu). The 
transitioning from inert capsule-based technologies to dynamical microcompartmentalized entities capable of 
autonomous cytomimetic behaviour requires breakthrough advances in functional integration and on-board 
energization of multiplexed microsystems. So far, the engineering of synthetic cellular systems (protocells) has 
been mainly approached using self-assembled vesicles5,6,7, semi-permeable microcapsules8,9,10,11,12,13,14 and 
membraneless or coated coacervate microdroplets15,16,17,18. These compartments provide a controllable 
medium for the encapsulation and exchange of biological and non-biological components that are 
experimentally selected to demonstrate single functions such as gene expression5,8,19,20, enzyme catalysis21 and 
ribozyme activity22,23 within the synthetic cell models. Achieving high organizational and functional complexity 
in these constructs is methodologically demanding owing to difficulties in establishing sufficient compositional 
diversity and chemical complementarity by conventional methods of microcompartmentalization under close-
to-equilibrium conditions. These limitations restrict the structural and chemical complexity of current protocell 
models, inhibit the implementation of integrated componentry and impede the development of energized 
cytomimetic systems. 

To address these issues, here we developed an approach to engineer the first generation of energized 
protocells based on prokaryotes as structural and functional building blocks. In brief, we implement a living 
material assembly process for the bottom-up endogenous construction of membrane-bounded, molecularly 
crowded synthetic cells with multifunctional cytomimetic properties. Our approach is based on the co-capture 
and on-site processing of two spatially segregated bacterial colonies (E. coli and Pseudomonas aeruginosa 
(PAO1 strain)) that are co-associated with individual poly(diallyldimethylammonium chloride) 
(PDDA)/adenosine 5′-triphosphate (ATP) coacervate microdroplets. In situ lysis of the captured bacteria 
spontaneously gives rise to lipid-membrane-coated protocells enclosing an extensive repertoire of functional 
biological components. We demonstrate that the bacteriogenic protocells are capable of complex processing 
such as the endogenous production of ATP through proto-metabolic activity (glycolysis) and inherit a sufficient 
complement of the bacterial gene expression machinery to implement in vitro transcription and translation. 
To increase the level of internal structural organization, we use a combination of endogenous polynucleotide 
liquid–liquid phase separation, ATP-driven supramolecular protein assembly and hypotonicity to augment the 
synthetic cells with a spatially partitioned nucleus-like DNA–histone condensate, 3D network of F-actin proto-
cytoskeletal filaments and osmotically responsive membrane-bounded water vacuoles, respectively. As a step 
towards self-sustainable energization, we constructed living–synthetic hybrids in which we use implanted live 
E. coli cells as surrogate mitochondria to increase and extend the endogenous production of ATP for enhancing 
kinase activity, glycolysis, in vitro gene expression and cytoskeletal assembly within the bacteriogenic 
protocells. The protoliving constructs adopt an amoeba-like external morphology and decreased membrane 
permeability due to on-site bacterial metabolism and growth to produce a cellular bionic system with 
integrated life-like properties. Together, our results demonstrate a bacteriogenic strategy for the bottom-up 
construction of functional protocellular microdevices and provide opportunities for the fabrication of synthetic 
cell modules and augmented living/synthetic cell constructs with potential applications in engineered synthetic 
biology and biotechnology. 

Assembly of bacteriogenic protocells 

To implement the endogenous assembly of bacteriogenic protocells, we first constructed a microscale building 
site comprising 5–30-μm-diameter pre-former PDDA/ATP coacervate droplets of spatially segregated live 
bacterial cells (Fig. 1a). Single populations of E. coli cells were sequestered at high concentrations into the 
interior of the membrane-free coacervate droplets within a few minutes to produce viable 
microcompartmentalized colonies (Fig. 1b and Supplementary Video 1). By contrast, PAO1 cells were almost 
instantaneously adsorbed onto the droplet surface to produce a shell of living bacteria (Fig. 1c and 
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Supplementary Video 2). Importantly, the addition of a mixture of E. coli and PAO1 cells gave rise within a few 
minutes to single coacervate droplets comprising an internally segregated E. coli population surrounded by a 
thin continuous shell of PAO1 cells (Fig. 1d and Supplementary Video 3). Measurements of the size distributions 
of the coacervate droplets showed that minimal changes occurred for the capture of E. coli cells, indicating 
that sequestration of the bacteria within the droplets did not change the stability of the coacervate phase 
(Extended Data Fig. 1a–d). However, capture of PAO1 cells specifically at the droplet interface inhibited droplet 
fusion such that the protocell population was more monodisperse (Extended Data Fig. 1e,f). A similar decrease 
in polydispersity was also observed when both E. coli and PAO1 cells were co-captured by the PDDA/ATP 
coacervate droplets (Extended Data Fig. 1g,h). 

Quantitative fluorescence-activated cell sorting (FACS) analysis of mixed suspensions of coacervate droplets 
and E. coli or PAO1 cells confirmed that the bacteria were captured at relatively high efficiency (typically 40–
50%) after 5 min of incubation (Fig. 1e,f). Similar experiments on droplets containing captured E. coli and PAO1 
cells with expressed eGFP or mCherry fluorescence, respectively, indicated that the co-loading efficiency was 
around 35% (Fig. 1g). Corresponding time-dependent fluorescence measurements of single coacervate 
droplets showed logistic growth rates in eGFP and mCherry fluorescence intensities up to threshold values as 
the droplet interior became filled with bacteria and the assembly of the bacterial shell was completed (Fig. 
1h). Staining of the captured bacteria and time-dependent FACS analyses indicated that the majority of the 
cells (73%) survived for at least 24 h after the addition to the coacervate droplets (Extended Data Fig. 1i–o). 
The coacervate-containing bacterial cells could be physically manipulated without disintegration (Extended 
Data Fig. 1p,q) and remained genetically active within the coacervate matrix (Extended Data Fig. 1r,s). 

Having assembled the stable living pre-former droplets, we used on-site processing to reconfigure and 
repurpose the spatially segregated bacterial colonies into membrane-bounded, molecularly crowded 
protocells with complex microstructures and diverse bioderived functionalities (Fig. 2a). To achieve this, we 
implemented the stepwise in situ lysis of the co-captured bacteria populations using a cell wall hydrolase 
(lysozyme) and antimicrobial peptide (melittin)24 to release an extensive suite of bacterial membrane 
lipids/proteins and cytoplasmic components into the adjacent coacervate milieu (Extended Data Fig. 2a and 
Supplementary Figs. 1 and 2). Short lysis times (0.5 h) generated coacervate droplets containing a living E. coli 
colony bounded by a 300–500-nm-thick shell of PAO1-derived membrane constituents (Fig. 2b). Extending the 
processing time so that lysis of both types of bacteria occurred gave rise to structurally and compositionally 
complex protocells that consisted of a spatially segregated membrane of PAO1 lipids, which enclosed a 
coacervate matrix consisting principally of incarcerated E. coli cytoplasmic components along with PAO1-
membranized water vacuoles (Fig. 2c–e, Extended Data Fig. 2b–g and Supplementary Fig. 3). Although proteins 
and polynucleotides did not readily leach from the protocells owing to their strong affinity with the coacervate 
matrix (Fig. 2c,d), the PAO1-derived membrane was permeable to small-molecule fluorescent dyes as well as 
macromolecular solutes, which could be readily taken up from the external solution (Supplementary Fig. 4). 
The high membrane permeability was consistent with scanning electron microscopy images of freeze-dried 
bacteriogenic protocells, which showed a disordered arrangement of cytomembrane fragments on the surface 
of the droplets (Extended Data Fig. 2h,i). FACS quantitative analysis of samples prepared from co-captured E. 
coli and PAO1 cells with expressed eGFP and mCherry fluorescence, respectively, indicated that the percentage 
of bacteriogenic protocells produced after lysis was about 30% (Supplementary Fig. 5). 

Quantitative component analyses indicated that the bacteriogenic synthetic cells inherited protein, lipid, RNA 
and DNA contents of 16, 3, 3 and 1 wt%, respectively (Fig. 2f). Full protein typing was achieved by liquid 
chromatography–mass spectrometry (LC–MS) proteomics, which indicated that approximately 83% (2,237 
proteins) of the combined library of bacterial proteins were retained by the protocells (Fig. 2g). Most (65%) of 
the retained proteins from the two populations were derived from the E. coli cells initially housed within the 
interior of the droplets. Of these, 97% of the E. coli protein types were associated with the protocells compared 
with 65% of those in the PAO1 proteome (Fig. 2g). In terms of molecular function, proteins with catalytic (43%), 
binding (32%) and structural (14%) roles were highly represented, whereas anatomical (48%) and intracellular 
entities (40%) along with protein-containing complexes (12%) were dominant as cellular components. These 
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proteins were primarily associated with cellular (44%) and metabolic processes (40%), with the remaining 
proteins assigned principally to biological regulation, localization and sensing (Fig. 2h). 

Cytomimetic properties 

Given the extensive repertoire of biological components embodied within the bacteriogenic protocells, we 
sought to exploit the compositional complexity for the fabrication of synthetic cell modules with diverse 
cytomimetic properties operating at the level of individual enzymes, proto-metabolic pathways (glycolysis) and 
information networks (in vitro gene expression). 

Retention of functional enzymes within the ensemble of released components was demonstrated by 
monitoring the activity of alkaline phosphatase, protease, lipase and β-galactosidase (β-gal) within the 
bacteriogenic protocells after exposure to appropriate fluorogenic small-molecule substrates in the external 
environment. In each case, production of the fluorescent outputs occurred homogeneously throughout the 
interior of the bacterially derived protocells and the products retained predominantly within the coacervate 
matrix (Fig. 3a–f, Supplementary Video 4, Extended Data Fig. 3a–d and Supplementary Fig. 6). We also tested 
whether the bacteriogenic protocells inherited a sufficient complement of coordinated enzymes to implement 
the ten-enzyme cascade required for glycolysis25. For this, we added glucose-containing Luria–Bertani (LB) 
broth to protocells containing lactate dehydrogenase and assayed the onset of proto-metabolic activity 
through the conversion of pyruvate to l-lactate along with formation of the reduced purple dye (formazan). 
Time-dependent spectroscopy measurements showed significant glycolysis activity in the protocell population 
(Fig. 3g,h), along with a blue-purple colouration and formation of insoluble formazan within the protocell 
interior (Fig. 3i,j and Extended Data Fig. 3e), indicating that sufficient levels of bacterially derived cell 
respiration components were released by lysis and retained within the cytoplasmic-like coacervate matrix. 

As bacterial lysates can be used for in vitro translation and transcription26, we loaded selected components of 
an expression system (buffer, T7 promoters and polymerases, amino acids, nucleotides and tRNA) and a 
plasmid (pEXP5-NT/deGFP) for deGFP expression into PDDA/ATP coacervate droplets. Notably, the bacterial 
lysate accompanying the cell-free expression kit was not included. We next used the primed droplets to 
capture E. coli and PAO1 cells followed by in situ lysis, bacteriogenic protocell construction and storage on ice. 
As a consequence, subsequent endogenous processing of the incorporated plasmid by the protocells was 
dependent on inheriting a sufficient complement of gene expression machinery (such as peptidyl transferase, 
RNA synthetases, energy generation, translation factors (IF1, IF2, IF3) and ribosomal proteins) from in situ lysis 
of the bacterial cells. Gene expression was initiated by raising the temperature to 37 °C with additional feed 
buffer added after 30 min to sustain the system. Production of deGFP occurred specifically within the 
bacteriogenic protocells over 5 h to give a protein yield of 0.01 μM with maximum and minimum expression 
rates at 0.5 h and 3 h, respectively (Fig. 3k–m). By contrast, negligible green fluorescence was observed for 
synthetic cells lacking the pEXP5-NT/deGFP plasmid (Fig. 3m) or for supernatants depleted of bacteriogenic 
protocells (Supplementary Fig. 7). Gel electrophoresis of the extracted proteins showed a band at 27 kDa that 
was absent without the plasmid (Fig. 3n and Supplementary Fig. 8a), and western blotting images indicated 
that the 27 kDa band was stained by anti-GFP antibodies (Fig. 3o and Supplementary Fig. 8b), confirming deGFP 
expression within the bacteriogenic protocells. 

Augmentation and remodelling 

Bacterially derived synthetic cells containing both a spatially partitioned nucleus-like organelle and 3D 
structural network of proto-cytoskeletal filaments were prepared by endogenous remodelling of the 
cytoplasmic-like interior (Fig. 4a). Spontaneous aqueous two-phase liquid–liquid separation of a single 
bacterial DNA–histone condensate within the bacteriogenic protocells was achieved within the cytoplasmic-
like interior by uptake of carboxymethyldextran (CM-dextran; 70 kDa). The procedure, which was dependent 
on the presence of linear double-stranded DNA (dsDNA) and was initially developed using native PDDA/ATP 
droplets (Extended Data Fig. 4a–g), involved loading the coacervate droplets with a histone protein (type II-A) 
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and a mixture of DNase I and MnCl2—the latter mixture was used to cleave the native bacterial plasmid DNA 
into linear fragments. This was followed by capture of a mixed population of E. coli/PAO1 cells and release of 
the bacterial plasmid DNA (and other cytoplasmic components) by lysis to generate a homogeneous 
distribution of a linear DNA–histone complex within the protocell interior. Subsequent addition of CM-dextran 
and diffusion of the polysaccharide through the outer PAO1-derived membrane resulted in the nucleation of 
a single membrane-free DNA–histone condensate inside the individual protocells within a few tens of seconds 
(Fig. 4b,c). Almost all of the released bacterial DNA (99%) was confined to the nucleus-like condensate, while 
most (75%) of the released bacterial proteins were sequestered into the molecularly crowded cytoplasmic-like 
region of the protocells (Fig. 4d,e). Similar experiments involving bacterially derived protocells without 
preloaded DNase I and MnCl2 resulted in the nucleation of large numbers of small (0.3–2 μm) plasmid DNA–
histone condensates throughout the CM-dextran-enriched phase (Fig. 4f and Extended Data Fig. 4h,i). When 
exposed to hypotonic conditions, the remodelled protocells were further elaborated with membrane-coated 
water vacuoles to produce synthetic cells that exhibited multiple types of spatially segregated cytomimetic 
structures (Fig. 4g,h). 

Having established a protocol for the in situ condensation and spatial localization of bacterial DNA within the 
protocells, we sought to restructure the molecularly crowded proto-cytoplasmic region by on-site energy-
driven supramolecular assembly of a F-actin cytoskeletal-like filamentous network to produce a self-supported 
cytomimetic model27. Initial experiments using PDDA/ATP pre-former coacervate droplets indicated that G-
actin and Mg2+ ions were readily taken up by the bacteriogenic protocells and that in situ F-actin assembly was 
activated endogenously by the coacervate-derived ATP (Extended Data Fig. 5a). However, as only short 
filaments of F-actin were produced owing to the high native ATP concentration (around 200 mM)28, we 
prepared the subcompartmentalized bacteriogenic protocells using PDDA/uridine-5′-triphosphate (UTP) 
coacervate droplets (Extended Data Fig. 5b–d) and preloaded the droplets with an enzyme-based ATP-
generating system based on pyruvate kinase (PK), phosphoenolpyruvate (PEP) and ADP29 (Fig. 4i). Subsequent 
uptake of G-actin and Mg2+ initiated F-actin assembly specifically within the synthetic cells and transformed 
the bacteriogenic constructs into hydrogelled microstructures with retention of the spherical morphology (Fig. 
4j). The results indicated that the on-board generation of ATP arising from the encapsulated PK–PEP–ADP 
cascade over a period of approximately 20 min was sufficient to produce the controlled restructuring of the 
protocell interior. This was confirmed by confocal fluorescence microscopy images of single protocells, which 
showed the presence of a localized low-density network of F-actin microfilaments specifically dispersed within 
the proto-cytoplasmic region but not in the phase-separated DNA–histone subcompartment (Fig. 4k–m and 
Extended Data Fig. 5e). 

Live cell/synthetic cell constructs 

Given the potential for compositional, structural and functional complexity in the bacteriogenic protocells, we 
sought to couple these attributes to an internal ATP-based energy source as a step to increasing the autonomy 
and self-sufficiency of the life-like constructs. To achieve this, we implanted E. coli cells into PDDA/UTP-based 
bacteriogenic protocells (Fig. 5a), and used the incarcerated living cells as surrogate mitochondria for the 
endogenous production of ATP30. Confocal fluorescence microscopy images indicated that the E. coli cells were 
sequestered specifically into the cytoplasmic-like space; by contrast, no cells were observed in the DNA–
histone-enriched proto-nucleus (Fig. 5b). Typically, 10–50 bacteria were initially captured within the cellular 
bionic system. Live/dead staining of the constructs indicated that many of the implanted E. coli cells remained 
viable after entrapment for 3 h (Extended Data Fig. 6a). Corresponding time-dependent FACS data indicated 
that the population of E. coli cells increased by approximately 10 times over a period of 48 h with the 
percentage of live cells decreasing from 98% (1 h) to 60% (48 h) (Fig. 5c,d and Extended Data Fig. 6b–d). Growth 
of the trapped bacterial colony produced a threefold increase in the total protein concentration within the 
protocells over a period of 48 h (Fig. 5e). 

To energize the living/synthetic cell construct, we initiated ATP production in the incarcerated E. coli cells by 
addition of glucose (in LB broth) and took advantage of the extracellular secretion of the energy-rich 
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mononucleotide31 to chemically charge the co-located bacteriogenic protocells (Supplementary Fig. 9). As a 
consequence, continuous biologically mediated ATP production in the PDDA/UTP-based bacteriogenic 
protocells was sustained for up to 36 h compared with 20 min in the presence of a sequestered PK–PEP–ADP 
enzyme-based pathway (Fig. 5f). Bioproduction of ATP was fitted to an exponential decay curve that attained 
equilibrium after around 36 h with a maximum ATP concentration of 1.65 mM under the conditions typically 
used (Extended Data Fig. 7a). Importantly, ATP biogeneration within the hybrid protocells was readily 
sustained by replenishing the nutrients in the external medium, whereas the addition of new substrates (ADP, 
PEP) to the enzyme-based pathway disrupted the structural integrity of the protocells. 

Biogeneration and extracellular secretion of ATP resulted in prolonged enzyme activity and gene expression, 
as well as increased levels of F-actin polymerization in the living/synthetic constructs. For example, kinase 
activity was approximately doubled compared with PDDA/UTP bacteriogenic protocells containing released 
bacterial lysate (no live E. coli cells) and increased 1.3-fold in comparison to the implanted PK–PEP–ADP 
pathway (no live E. coli cells) (Fig. 5g and Extended Data Fig. 7b–d). In vitro gene expression of deGFP was 
extended from 3 h to 24 h with a final deGFP concentration of around 0.015 μM (Fig. 5h,I and Extended Data 
Fig. 7e–j) and pyruvate production was increased 1.7-fold due to sustained glycolysis in the implanted bacteria 
(Extended Data Fig. 7k). On-site assembly of F-actin after passive uptake of G-actin and Mg2+ ions gave rise to 
an extensive network of protein filaments that filled most of the proto-cytoplasmic space within 30 min (Fig. 
5j,k and Extended Data Fig. 8a–c). As a consequence, living bacteria, a single DNA–histone subcompartment 
and water vacuoles were immobilized in a cytoskeletal-like framework to produce a self-supporting cellular 
bionic system that remained structurally intact in water and salt solutions for at least 7 days (Fig. 5l and 
Extended Data Fig. 8d). By contrast, living/synthetic constructs prepared without F-actin were stable for only 
up to 3 days in buffer and disassembled immediately under hypertonic conditions (Extended Data Fig. 8e). 

Finally, we sought to take advantage of the continuous biogeneration of metabolic products within the 
bacteriogenic protocells to implement changes in membrane interfacial tension as a step towards producing 
living/synthetic cell hybrids with non-spherical morphology. In the absence of incarcerated E. coli cultures, 
mounting the F-actin-containing spherical bacteriogenic protocells onto pegylated glass substrates and leaving 
the samples at room temperature in LB broth for 48 h resulted in minimal changes in structure and morphology 
(Extended Data Fig. 9a). By contrast, similar experiments with bacteriogenic protocells containing 
encapsulated live E. coli cells and a F-actin network gave rise to progressive changes in morphology (Fig. 6a). 
Within 48 h, most of the spherical microstructures adopted a more irregular cell-like form while maintaining 
their outer membrane structure and complex internal organization (Fig. 6b), suggesting that the proto-
cytoskeletal filaments were structurally dynamic over extended time scales. During this period, the average 
number of E. coli cells per protocell increased by approximately eightfold within the first 24 h, after which the 
entrapped population of live cells decreased by approximately 35% after 48 h (Fig. 6c). Growth of the bacteria 
was associated with a twofold increase in the average protocell volume over 48 h (Fig. 6d) and progressive 
decreases in UTP concentration (Supplementary Fig. 10), possibly due to bacterial consumption of the 
nucleotide. 

Given that the amoeba-like morphology was also observed after 24–48 h for living cell/protocell constructs 
prepared without a F-actin network (Extended Data Fig. 9b,c), we ruled out the possibility that the changes in 
form were associated with anisotropic mechanical forces induced by ATP-mediated formation of the 
cytoskeletal-like matrix. Moreover, other studies showed that, although time-dependent increases in bulk 
wettability were observed for single droplets of concentrated suspensions of the living/synthetic hybrids 
mounted onto pegylated glass slides (Extended Data Fig. 9d,e), mounting the same constructs onto 
hydrophobic plastic or non-modified glass surfaces also showed amoeba-like morphologies after 48 h 
incubation, indicating that specific interactions with the substrate were not critical in determining the shape 
change (Extended Data Fig. 9f). Indeed, low-resolution confocal microscopy images of the living/synthetic 
constructs recorded in aqueous suspension also showed the non-spherical morphology (Extended Data Fig. 
9g). We therefore concluded that an endogenous mechanism associated with prolonged activity of the 
entrapped E. coli cells was most likely responsible for the morphological changes. In this regard, no changes in 
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shape were observed after short periods (1 h) when the bacteriogenic protocells were loaded with extremely 
high loadings of freshly washed E. coli cells (Extended Data Fig. 9h), suggesting that extended metabolic activity 
of the incarcerated bacterial cells, rather than an increase per se in the population density within the 
protocells, was responsible for the transition to the amoeba-like form. For example, over a period of 30 h, the 
PDDA:UTP:CM-dextran:protein:DNA concentration ratio changed from 1:1:0.5:2:0.03 to 1:0.6:0.5:4.7:0.07, 
indicating that the formation of the irregular cell-like form was associated with a considerable depletion of 
UTP along with a marked increase in bacterially derived proteins. It seems feasible that the latter were 
responsible for lowering the membrane interfacial tension, resulting in the loss of the spherical morphology. 

Interestingly, the permeability of the outer membrane to macromolecular diffusion decreased markedly with 
change in shape such that dextran above a molecular mass of 10 kDa, BSA–FITC (66 kDa), eGFP (32 kDa) and 
single-stranded DNA (8 kDa) were no longer taken up into living/synthetic hybrids that were biologically active 
for more than 20 h (Extended Data Fig. 10a–f). On the basis of these observations, we speculate that the 
continuous production of bacterial lipids facilitated partially sealing of defects in the outer membrane, as well 
as increasing membrane surface area and elasticity. 

Discussion 

An ensemble of cytomimetic features was integrated into a synthetic cell construction pathway using a living 
material assembly process in which prokaryotes are used as on-site repositories of key structural and 
functional building units. Depending on the extent of the construction process, a total of seven distinct 
cytomimetic attributes can be integrated into the bacteriogenic protocells (Fig. 6e,f). Implementation of the 
basic processing strategy gives rise to complex synthetic cells with a bacterially derived semipermeable outer 
membrane and internal molecularly crowded proto-cytoplasm containing a PDDA/ATP (UTP) coacervate, an 
extensive suite of bacterial proteins and polynucleotides, a functional metabolic network, and intact 
translation and transcription machinery. Further elaboration of the synthetic cells can be achieved 
endogenously by structural augmentation with a single membrane-free DNA–histone nucleus-like condensate, 
osmotically responsive membrane-bounded water vacuoles32,33 and a primitive F-actin cytoskeletal-like 
network. In each case, the additional design features are implemented without compromising the multiple 
cytomimetic functions. Higher-level operations are introduced by using implanted live E. coli cells as surrogate 
mitochondria for energization, which prolongs ATP bioproduction and transforms the spherical bacteriogenic 
protocells into a cellular bionic system with amoeba-like cell morphology. 

Our living-material assembly approach provides opportunities for the bottom-up construction of highly 
integrated synthetic cells and augmented living/synthetic cell constructs. A critical aspect of the construction 
sequence is the spontaneous coacervate droplet-mediated capture and spatial segregation of E. coli and PAO1 
cells that together enable on-site processing and retention of diverse bacterial components for synthetic cell 
elaboration. Thus, using this strategy, it should be possible to not only establish artificial organelles based on 
lysosomes, peroxisomes and storage granules within the bacteriogenic protocells, but also reconfigure the 
spatial organization of the bacterially derived components. For example, the spatial distribution of live E. coli 
and PAO1 cells in the initial pre-former coacervate droplets can be modulated by changes in the coacervate 
composition (Supplementary Fig. 11). In the longer term, the possibility of spatially coupling F-actin 
polymerization to the membrane of the bacteriogenic protocells or embedded vacuoles using proteins such as 
Sla2 or HIP1R34 could lead to life-like microdevices with mechanically responsive properties. Moreover, a first 
step to a synthetic cell with rudimentary ‘proto-eukaryote’ characteristics would be realized if the DNA–
histone proto-nuclei could be used as a dynamic repository for controlling downstream information 
processing. 

As coacervate-based microencapsulation is known to increase the viability of probiotics35, it should be possible 
to use engineered bacteria to deliver specialized components and biological processes for establishing robust 
metabolic networks and genetic circuitry in the bacteriogenic protocells. Thus, we expect that the 
methodology will be responsive to high levels of programmability. For example, combinations of engineered 
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strains such as Komagataeibacter rhaeticus and Zymomonas mobilis, which are capable of high cellulose 
production36 and cellulolytic activity37, respectively, could be used to deliver and implement on-site synergistic 
metabolic networks of ethanol production for biofuels and food processing. Moreover, new types of self-
powered metabolic networks could be assembled inside the bacteriogenic protocells by in situ lysis of bacteria 
such as Photobacterium phosphoreum to charge the cytoplasmic-like medium with appropriate molecular 
machinery for bioluminescence. Such advances will require increased levels of stability and homogeneity in 
the populations of bacteriogenic protocells currently produced, as well as overcoming current limitations 
placed on the reproducible scale-up of the living-material assembly process. 

Finally, from a cellular bionic perspective, the potential for symbiosis in living/synthetic cell hybrids 
constructed from bacterially derived construction pathways could offer more complex modules for 
development in diagnostic and therapeutic areas of synthetic biology as well as in biomanufacturing and 
biotechnology in general. For example, implantation of live photosynthetic bacteria or sulfate-reducing 
bacteria within the bacteriogenic protocells in place of E. coli cells could offer new strategies for operating the 
cellular bionic systems under photochemical or anaerobic conditions, respectively. Alternatively, bacterially 
derived bioluminescence could provide light energy for powering live photosynthetic purple bacteria 
implanted in the bacteriogenic protocells, and the corresponding production of oxygen and carbohydrates 
from the surrogate chloroplasts could be used for extracellular ATP production in co-implanted live E. coli cells, 
which in turn act as surrogate mitochondria. Coupling these endogenous circuits to diagnostic functions 
towards cytokines, hormones and metabolites will be challenging, ultimately relying on the high capture 
efficiency of the internal coacervate matrix and appropriate design of the output signals through judicious 
engineering of the living/synthetic cell interface. 

 

Methods 

Materials 

The following chemicals were used as received: PDDA (Sigma-Aldrich, 20 wt% in H2O, molecular mass = 8.5, 
100–200 or 400–500 kDa), ATP, UTP, fluorescein isothiocyanate (FITC), rhodamine B isothiocyanate (RITC; 
mixed isomers), FITC–CM-dextran (molecular mass = 4, 70 or 150 kDa), FITC-dextran (molecular mass of 4 kDa), 
poly(allylamine hydrochloride) (PAH, molecular mass = 50 kDa), bovine serum albumin (BSA), sulforhodamine 
B (Sul-RhB), calcein, Nile Red, DAPI, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt, RBG, lysozyme from 
chicken egg white (≥90%), melittin from honey bee venom (≥85%, HPLC), deoxyribonucleic acid (low molecular 
mass from salmon sperm), deoxyribonucleic acid (DNA) sodium salt from Escherichia coli strain B (genomic, 
unsheared), histone from calf thymus (type II-A, molecular mass of 14.0 kDa, lyophilized powder), 
ethylenediaminetetraacetic acid (EDTA), PK, PEP, adenosine diphosphate (ADP), dimethyl sulfoxide (DMSO), 
glutaraldehyde, sodium cacodylate trihydrate, Tris(hydroxymethyl)aminomethane, Tris-base, glycine, sodium 
dodecyl sulfate (SDS), carbenicillin, Millipore PVDF Membranes, Tween-20, SiO2 microspheres (2 μm), 
polystyrene beads (1 μm), polystyrene beads (3 μm), polystyrene beads (5 μm), amine-modified polystyrene 
beads (2 μm), carboxylate-modified polystyrene beads (2 μm), (3-aminopropyl)triethoxysilane, 
trimethoxy(octadecyl)silane, tri(N-acetyl-d-glucosamine) (NAG3), 3-(4-octadecyl)benzoylacrylic acid (OBAA), 
resorufin, fluorescein, luciferase from Photinus pyralis (firefly), d-luciferin, propylene glycol methyl ether 
acetate, BCA Protein Assay Kit, 1,4-dithiothreitol, 2-mercaptoethanol, peptone from casein and other animal 
proteins, glucose, peptone and yeast extract were purchased from Sigma-Aldrich. SYTO-9, propidium iodide 
(PI), Dil stain (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiIC18(3)), DNase I (DNase 
I buffer and MnCl2 solution were included), Molecular Probes EnzChek Lipase Substrate (green fluorescent, 
505/515 substrate, lipase), Molecular Probes EnzChek Protease Assay Kit (green fluorescence, 100 to 1000 
assays kit), BODIPY FL NHS Ester, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide), NuPage 
Sep Tris-glycine gels (4–15 wt%), Expressway Mini Cell-Free Expression System kit, Qubit dsDNA BR Assay Kit, 
Qubit RNA HS Assay Kit, Z′-LYTE Kinase Assay Kit (Ser/Thr 5 Peptide) and DyLight 550 NHS Ester were purchased 
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from Thermo Fisher Scientific. 2-[Methoxy(polyethyleneoxy) propyl] trimethoxysilane (PEGsilane) was 
purchased from ABCR, 90%). Fluorescein diphosphate was purchased from Insight Biotechnology. The QIAprep 
Spin Miniprep Kit (MINIPREP) was purchased from Qiagen. The EnzyChrom Glycolysis Assay Kit was purchased 
from BioAssay Systems; actin protein (rhodamine, actin-RhB, rabbit skeletal muscle, >99%) was purchased 
from Universal Biologicals. The free fatty acid assay kit, anti-GFP antibodies (chicken) and goat anti-chicken IgY 
H&L (alkaline phosphatase) were purchased from Abcam. CM-dextran (molecular mass of 70 kDa) was 
purchased from Carbosynth. Single-stranded DNA oligonucleotides (23 nucleotides in length, 
GTTAGCAGCCGGATCTCAGTGGT) with 3′-TAMRA or 3′-FAM (ssDNA-FAM) modifications were purchased from 
Integrated DNA Technologies. The oligonucleotides were HPLC purified and freeze-dried by the supplier. 
Oligonucleotides were used as provided and dissolved in nuclease-free buffer (50 mM Tris-HCl, 100 mM NaCl, 
pH 7.4) to give stock solutions of 100 μM. Skimmed milk was purchased from the local supermarket. Ethanol, 
methanol and toluene were obtained from the chemical store at the School of Chemistry, University of Bristol. 
LB agar plates and broth, 2× YT agar plates and broth, 2% agarose gel and phosphate-buffered saline (PBS) 
were obtained from general laboratory supplies of the School of Cellular and Molecular Medicine, University 
of Bristol. All of the bacteria strains—Escherichia coli (E. coli; strain BL21(DE3) or strain Rosetta(DE3)), P. 
aeruginosa (strain PAO1) and Staphylococcus aureus—were provided by the group of J. Spencer and used as 
received. Purified eGFP protein and purified mCherry protein was provided by A. Coutable from the group of 
J. L. R. Anderson. deGFP protein was purified and provided as a gift by J. Spencer. 

Preparation of coacervate microdroplets 

Typically, positively charged microdroplet dispersions were prepared at a PDDA/ATP monomer molar ratio of 
2:1 by adding an aqueous solution of ATP (20 mM, pH 8.0) to the same volume of an aqueous solution of PDDA 
(monomer concentration, 40 mM; pH 8.0) with molecular masses of 8.5, 100–200 or 400–500 kDa. The 
dispersions were centrifuged (Eppendorf microcentrifuge, 5415D) under 15,000 rcf for 5 min, and were then 
redispersed with a pipette before use. Similar procedures were used to prepare PDDA/UTP coacervate 
microdroplets by adding an aqueous solution of UTP (20 mM, pH 8.0) to the same volume of an aqueous 
solution of PDDA (molecular mass of 8.5 kDa, monomer concentration, 40 mM; pH 8.0). 

Bacterial cultures 

The following bacterial cultures were used: E. coli (strain BL21(DE3) or strain Rosetta(DE3)) and P. aeruginosa 
(strain PAO1). Typically, glycerol stocks (kept at −70 °C) of bacteria were freshly streaked on agar plates (1.6% 
agar) once a month. Single colonies taken from the agar plate were grown overnight in culture broth under 
37 °C and 500 rpm. For E. coli BL21(DE3) and P. aeruginosa, LB agar plates and broth were used, whereas 2× 
YT agar plates and broth were used for E. coli Rosetta(DE3). The overnight cultures were regrown by diluting 
100:1 in fresh LB broth (grown to an optical density at 600 nm (OD600) of 0.3–0.5), then chilled in ice for 30 min 
and centrifuged (at 4 °C and 4,000 rpm) for 5 min, followed by transfer to the medium used for the 
experiments. 

Coacervate droplet-mediated compartmentalization of bacterial colonies 

An aqueous coacervate dispersion (typically PDDA/ATP or PDDA/UTP, concentrations as described above) was 
centrifuged and half of the volume of the supernatant was removed (typically 50 μl) and added to a sample 
tube containing a solution (10 μl) of a single strain of bacteria (E. coli or P. aeruginosa; OD600 = 20) or a 
suspension of both E. coli and P. aeruginosa (OD600 = 20; ODE. coli:ODP. aeruginosa = 2:1). The mixture was then 
added to the coacervate dispersion, mixed gently with a pipette to redisperse the coacervate phase into 
microdroplets, and the bacteria-containing suspension was incubated for 3 min at room temperature. 
Alternatively, 40 μl of a redispersed coacervate solution was removed and added to the cavity of a PEGsilane-
functionalized O-slide. After allowing the drops to settle for 3 min, 5 μl of bacteria (OD600 = 20) was added to 
coacervate droplet suspension. 
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Zeta potential and contact-angle measurements 

All zeta potential measurements were performed using a Malvern Zetasizer Nano‐ZS instrument equipped with 
an internal Peltier temperature controller. Samples were injected into a disposable zeta cuvette and 
experiments were carried out at 25 °C. Contact-angle measurements were performed using KRÜSS Drop Shape 
Analyzer DSA100 instrument. All of the samples were dried and coated on a flat glass surface. Typically, the 
water drop volume was 2.0 μl. 

FACS analysis 

For analysis of bacterial cell partitioning in coacervate droplets, FACS experiments were performed on a BD 
LSRFortessa X-20 cell analyzer with BD FACS Diva software. A coacervate or coacervate/ssDNA–TAMRA droplet 
suspension (200 μl) was added to the FACS tube, and 2 μl of a single strain of bacteria or a mixture of bacterial 
strains (initial OD600 = 20, final OD600 = 0.2) or a bacterial lysate was added. For samples with dyes, the final dye 
concentrations were as follows: ssDNA–TAMRA (2.5 μM), SYTO-9 (0.2 μM), DiI (0.2 μg ml−1). 
Coacervate/ssDNA–TAMRA droplets were prepared by adding 0.5 μl of ssDNA-TAMRA (1 mM) to 200 μl of a 
coacervate dispersion, followed by centrifugation and redispersion before use. The following lasers and filters 
were used: SYTO-9 and eGFP: laser 488 nm, filter 530/30 nm; TAMRA and DiI: laser 561 nm, filter 586/15 nm; 
mCherry: laser 561 nm, filter 610/20 nm. For bacterial viability (live/dead) monitoring and proliferation 
counting in protocells, FACS experiments were performed on the Acea NovoCyte flow cytometer with the 
NovoExpress software. Typically, 200 μl of samples with protocells stained by SYTO-9 (1 μM) and PI (5 μM) 
were added to a sample tube. The following lasers and filters were used: SYTO-9: laser 488 nm, filter 
530/30 nm; PI: laser 561 nm, filter 780/60 nm. 

Construction of bacteriogenic coacervate-based protocells 

Reconfiguration of PDDA/ATP or PDDA/UTP coacervate droplets loaded and coated with E. coli or P. aeruginosa 
cells, respectively, into cell-membrane-enclosed metabolically active synthetic cells was achieved by in situ 
lysis of the captured bacteria. For this, a solution of lysozyme (5 mg ml−1 in 20 mM Tris-HCl, 2 mM EDTA, pH 8.0 
buffer) and melittin (2 mg ml−1) was added to 0.05 ml of a suspension of the bacteria-containing coacervate 
microdroplets. In some of the experiments, E. coli cultures were pretreated with lysozyme (20 mg ml−1 in 
buffer) for 3.5 h before capture along with P. aeruginosa by the coacervate droplets to increase their sensitivity 
to the subsequent lysozyme/melittin treatment such that both E. coli and P. aeruginosa cells released their 
contents at similar in situ rates during the construction of the synthetic protocells (E. coli cells pretreated in 
this way with lysozyme did not undergo lysis but were compromised in their cell wall integrity such that they 
became more sensitive to melittin-induced disassembly). In general, the protocells were left in the lysis 
solution and fresh samples were used for the experiments. Alternatively, excess bacterial lysate and non-lysed 
bacteria were removed by carefully exchanging the top layer of the suspension with a supernatant obtained 
from a corresponding coacervate suspension obtained after centrifugation. The samples were not extensively 
washed owing to their mechanical fragility and sensitivity to changes in osmotic pressure. 

Determination of bacterial lysis and death ratios 

Bacterial cell lysis ratios (L) were determined from measurements of OD600 recorded before and after 
treatment with lysozyme and/or melittin (L = OD600 (after)/OD600 (before)). Bacterial cell death ratios (D) were 
determined by using a tetrazolium salt (MTT) colorimetric assay in which E. coli BL21 (DE3) cells before and 
after treatment with 2 mg ml−1 of melittin were incubated with MTT in a microdilution plate at 36–37 °C for 
different time periods. DMSO was added as a formazan dissolvent, and the mixtures were measured for OD510 
or absorbance at 510 nm (A510; D = A510 (after)/A510 (before). 
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Fluorometric quantification of released proteins and DNA 

To determine the concentrations of eGFP, mCherry and DNA released by bacteria after lysis into the coacervate 
phase, samples were centrifuged under 15,000 rcf for 5 min and the aqueous supernatant was removed. The 
remaining coacervate phase was then disassembled by dilution 1,000 times using PBS and the corresponding 
fluorescence intensities were determined using a plate reader. Protein concentrations were obtained from 
calibration curves using known standards. DNA concentrations were determined using the Qubit dsDNA BR 
Assay Kit38. Standard samples with known concentrations were prepared using purified eGFP protein (0–
1 μg ml−1; excitation at 400 nm, emission at 510 nm), purified mCherry protein (0–1 μg ml−1; excitation at 
587 nm, emission at 610 nm) and commercial E. coli DNA (0–1 μg ml−1; excitation at 535 nm, emission at 
617 nm). All of the proteins and DNA were dissolved in PBS and fluorescence intensities were recorded using 
the plate reader. 

SEM analysis 

For imaging coacervate droplets with microcompartmentalized bacterial colonies, samples of E. coli and P. 
aeruginosa were fixed with glutaraldehyde before capture. Bacterial cells were washed twice in 0.1 M sodium 
cacodylate buffer, and then fixed with 2.5% glutaraldehyde in sodium cacodylate buffer (0.1 M) for 2 h. After 
rinsing with water, 5 μl of the bacteria-containing mixture (OD600 = 20) were added to 40 μl of a PDDA/ATP 
coacervate and dropped onto the cut pegylation coverslips that were attached to a scanning electron 
microscopy (SEM) sample stage. The sample was incubated for 10 min and then freeze-dried for SEM analysis. 
The bacterial lysate containing coacervate droplets was also prepared without fixation. In this case, droplets 
of the sample were mounted onto cut pegylation coverslips attached to the SEM sample stage and then freeze-
dried. All of the SEM experiments were performed on the Jeol IT300 SEM instrument. 

Quantification of biological components in bacteriogenic protocells 

Bacteriogenic coacervate-based protocells were disassembled by dilution 1,000 times using PBS. DNA, RNA, 
protein and lipid concentrations were determined using the Qubit dsDNA BR assay kit38, Qubit RNA HS assay 
kit39, BCA protein assay kit40 and free fatty acid assay kit41, respectively. The mass of water (Mwater) contained 
in the protocells was determined by the difference between the wet mass (Mwet) and the dry mass of the 
protocell (Mdry). The mass of residual components was determined by Mdry − (MDNA + MRNA + Mprotein + Mlipids). 

Proteomics of bacteriogenic protocells 

Bacteriogenic coacervate-based protocells were prepared with E. coli BL21(DE3) and PAO1 cellular 
constituents and washed three times with supernatant obtained from a PDDA/ATP coacervate suspension to 
remove non-associated bacterial proteins. For comparison, a dataset was obtained from a binary population 
of E. coli (strain BL21 (DE3; OD600 = 2) and P. aeruginosa (strain PAO1, OD = 1) cells prepared without the 
coacervate droplets. The mixture was incubated overnight with lysozyme (20 mg ml−1 in 20 mM Tris-HCl, 2 mM 
EDTA, pH 8.0 buffer) and then centrifuged under 2,000 rpm for 10 min followed by washing with PBS to remove 
residual lysozyme. The bacterial cells were then lysed by using a freeze–thaw method involving ten cycles, and 
then analysed using LC–MS. 

For nano-LC–MS, the samples were run on a 10% SDS–PAGE gel until the dye front had migrated approximately 
1 cm into the separating gel. Each gel lane was then excised as a single slice and processed for in-gel tryptic 
digestion using the DigestPro automated digestion unit (Intavis). 

The resulting peptides were fractionated using the Ultimate 3000 nano-LC system in line with an Orbitrap 
Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Peptides in 1% (v/v) formic acid were injected 
onto the Acclaim PepMap C18 nano-trap column (Thermo Fisher Scientific). After washing with 0.5% (v/v) 
acetonitrile 0.1% (v/v) formic acid, the peptides were resolved on a 250 mm × 75 μm Acclaim PepMap C18 
reverse-phase analytical column (Thermo Fisher Scientific) over a 150 min organic gradient, using seven 
gradient segments (1–6% solvent B over 1 min, 6–15% B over 58 min, 15–32% B over 58 min, 32–40% B over 
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5 min, 40–90% B over 1 min, held at 90% B for 6 min and then reduced to 1% B over 1 min) with a flow rate of 
300 nl min−1. Solvent A was 0.1% formic acid and solvent B was aqueous 80% acetonitrile in 0.1% formic acid. 
Peptides were ionized by nano-electrospray ionization at 2.2 kV using a stainless-steel emitter with an internal 
diameter of 30 μm (Thermo Fisher Scientific) and a capillary temperature of 250 °C. 

All spectra were acquired using an Orbitrap Fusion Tribrid mass spectrometer controlled by Xcalibur v.2.1 
software (Thermo Fisher Scientific) and operated in data-dependent acquisition mode. FTMS1 spectra were 
collected at a resolution of 120,000 over a scan range (m/z) of 350–1,550, with an automatic gain control (AGC) 
target of 400,000 and a max injection time of 100 ms. Precursors were filtered according to charge state (to 
include charge states 2–7), with monoisotopic peak determination set to peptide and using an intensity range 
from 5 × 103 to 1 × 1020. Previously investigated precursors were excluded using a dynamic window (40 s, 
±10 ppm). The MS2 precursors were isolated with a quadrupole mass filter set to a width of 1.6 m/z. ITMS2 
spectra were collected with an AGC target of 5,000, a max injection time of 50 ms and HCD collision energy of 
35%. 

The raw data files were processed and quantified using Proteome Discoverer software v.2.1 (Thermo Fisher 
Scientific) and searched against the UniProt E. coli (strain BL21-DE3) database (downloaded November 2020; 
4,156 sequences) and the UniProt P. aeruginosa PAO1 database (downloaded November 2020; 5,563 
sequences) using the SEQUEST HT algorithm. Peptide precursor mass tolerance was set at 10 ppm, and MS/MS 
tolerance was set at 0.6 Da. Search criteria included oxidation of methionine (+15.995 Da), acetylation of the 
protein N terminus (+42.011 Da) and methionine loss plus acetylation of the protein N terminus (−89.03 Da) as 
variable modifications, and carbamidomethylation of cysteine (+57.021 Da) as a fixed modification. Searches 
were performed with full tryptic digestion and a maximum of two missed cleavages were allowed. The reverse 
database search option was enabled and all data were filtered to satisfy a false-discovery rate of 5% (see Source 
Data file for Fig. 2). 

Enzyme and glycolysis activities in bacteriogenic protocells 

Activities of alkaline phosphatase, protease and lipase within the bacteriogenic protocells were determined by 
fluorescence microscopy at room temperature using fluorescein diphosphate (green fluorescence), EnzChek 
Protease Substrate (green fluorescence) or EnzChek Lipase Substrate (green fluorescence). An aqueous 
solution of a single substrate (final concentration, 0.2 mg ml−1) was added to a suspension of the protocells 
and the enzyme-mediated production of the fluorescence output was monitored by using confocal 
microscopy. 

The activity of β-gal in the protocells was determined using the resorufin β-d-galactopyranoside (RBG) reaction 
test. Time-dependent fluorescence profiles were recorded by fluorescence spectroscopy from a suspension of 
coacervate droplets (40 µl) containing PAO1 and E. coli Rosetta(DE3) cells before and after lysis in the presence 
of RBG (5 µl, 2 mM) (excitation: 560 nm, emission: 594 nm). The reactions were also monitored using wide-
field (excitation: 545/26 nm emission: 605/70 nm) and confocal (excitation: 560 nm, emission: 571–621 nm) 
microscopes. 

Glycolysis assays were performed using the EnzyChrom Glycolysis Assay Kit with a conversion of 1 mM l-lactate 
equal to 9.01 mg dl−1 (90.1 ppm)42. 

Construction of plasmid pEXP5-NT/deGFP 

The deGFP gene was amplified from E. coli Rosetta(DE3) cells and inserted into the plasmid pEXP5-NT/CALML3 
(obtained from the Expressway Mini Cell-Free Expression System kit, Thermo Fisher Scientific) using ligase-
independent cloning to yield the plasmid pEXP5-NT/deGFP43. Primers were designed to facilitate the 
replacement of the CALML3 gene with the deGFP gene. The plasmid retained the ampicillin-resistance gene, 
T7 promoter site, ribosome-binding site and the pUC origin of replication sequence. The constructed plasmid 
pEXP-NT/deGFP was then transformed into E. coli BL21 competent cells for amplification. The BL21 cells were 



 

13 

isolated by centrifugation and smeared onto an agar plate containing the antibiotic carbenicillin and incubated 
overnight at 37 °C. A single colony was removed from the agar and incubated in LB broth with carbenicillin 
overnight at 37 °C. The cells were collected and the plasmid was extracted from the E. coli cells and purified 
using the Miniprep kit (Qiagen) resulting in a final plasmid concentration of 219 ng µl−1. 

Endogenous gene expression in bacteriogenic protocells 

The plasmid pEXP5-NT/deGFP (final concentration, 1 μg per 100 μl), as well as buffer, promoters for T7 
polymerases (sequence: TAATACGACTCACTATAGGG) and nutrients from the Expressway Mini Cell-Free 
Expression System kit (Thermo Fisher Scientific) were added to a PDDA/ATP coacervate suspension before 
capture of the bacteria. The added components included 2.5× IVPS E. coli reaction buffer (5 μl; no amino acids), 
T7 enzyme mix (1 μl), an amino acid mix (1 μl, 50 mM, no methionine) and methionine (1 μl, 75 mM), all per 
100 μl of the protocell suspension. No bacterial lysate from the cell-free expression kit was added such that all 
the gene expression machinery in the protocells was derived from the in situ lysis of the captured bacterial 
cells. Bacteriogenic protocells were then prepared using the above coacervate/component droplet suspension 
by in situ lysis of the captured P. aeruginosa (strain PAO1) and E. coli (strain Rosetta(DE3)) cells. The samples 
were mounted on an O-slide for microscopy experiments or used directly for protein electrophoresis and 
western blot analysis. All of the experiments were undertaken at 37 °C for periods of 3 h (microscopy) or 12 h 
(protein electrophoresis/western blot). The samples were initially kept on ice and then raised to a temperature 
of 37 °C to initiate in vitro gene expression. After the first 30 min, a supplement of 2 μl per 100 μl of the 2× 
IVPS feed buffer was added. 

Protein gel electrophoresis and western blot analysis 

For protein electrophoresis, protocell samples were disassembled by addition of 100 mM NaCl to release all of 
the proteins from the coacervate phase. Then, 10 µl of the sample solution and sample application buffer were 
loaded into NuPage Sep Tris-glycine gels 4–15 wt% (Thermo Fisher Scientific) and separated based on protein 
molecular mass using a constant voltage of 200 mV for 35 min. The gels were washed by water, stained 
overnight in staining solution under shaking, and then destained by water for 24 h to remove excess dye from 
the gel matrix background. Western blot analysis was performed as follows. After protein electrophoresis, the 
protein was transferred from the gel using a transfer buffer (containing 390 mM glycine, 478 mM Tris-Base, 
13 mM SDS, 20% methanol) onto a methanol-activated PVDF membrane (Millipore) at a constant current of 
45 mA for 1 h. The PVDF membrane was blocked using casein (skimmed milk) for 1.5 h at room temperature 
and then incubated with monoclonal anti-GFP (rabbit) antibodies (1 µg ml−1) (Sigma-Aldrich) for 1 h at room 
temperature. The PVDF membrane was then washed at least five times with PBS-Tween-20 (0.1%) with 20 min 
shaking between each rinse before film exposure and development. 

Fluorometric quantification of enzyme products and expressed protein deGFP 

To determine the concentrations of fluorescence enzyme products and expressed protein deGFP, the 
bacteriogenic protocells were centrifugated at 15,000 rcf for 5 min. The sedimented protocells and aqueous 
supernatant were collected. The volume of protocells (Vprotocell) was calculated by Vtotal − Vsupernatant, where Vtotal 
is the total volume of the sample, and Vsupernatant is the volume of supernatant. The protocells were then 
disassembled by dilution 1,000 times using PBS. 

The fluorescence intensities associated with the protocells or supernatant were measured using a plate reader. 
The enzyme products and protein deGFP concentrations were calculated from calibration curves using known 
standards. Standards with known concentrations were prepared by using resorufin (β-gal product, excitation: 
560 nm, emission: 594 nm, 0–10 μM), fluorescein (alkaline phosphatase product, excitation: 488 nm, emission: 
520 nm, 0–10 μM), free BODIPY FL dye (lipase and protease products, excitation: 494 nm, emission: 520 nm, 
0–10 μM) and purified deGFP protein (excitation at 485 nm, emission at 528 nm, 0–0.1 μM). 
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The total amount of enzyme products and expressed protein deGFP in the protocells or supernatants was 
calculated by C × V, where C is the concentration of enzyme products or deGFP, and V is the volume of the 
protocells or supernatant. 

In situ proto-nucleus formation in bacteriogenic coacervate-based protocells 

Aqueous solutions of PDDA (40 mM, 50 μl), ATP (20 mM, 50 μl), melittin (20 mg ml−1, 10 μl), histone 
(20 mg ml−1, 10 μl), DNase I (1 U µl−1, 5 μl) and MnCl2 (100 mM, 1 μl) were mixed to produce a four-component 
coacervate. After centrifugation under 15,000 rcf for 5 min, 40 μl of the redispersed coacervate suspension 
was removed and added to the cavity of a PEGsilane-functionalized O-slide. E. coli cells (OD600 = 20) were 
pretreated with lysozyme (20 mg ml−1 in 20 mM Tris-HCl, 2 mM EDTA, pH 8.0 buffer) for 3.5 h and mixed with 
a P. aeruginosa colony (OD600 = 20) at a volume ratio of 2: 1. The bacteria mixture (5 μl) was then added to the 
PDDA/ATP/melittin/histone/DNase I coacervate phase in the O-slide, and lysozyme and melittin were added to 
give final concentrations of 2 mg ml−1. The resulting mixture was sealed with a cover slide and incubated at 37 °C 
for 1 h to induce cell lysis, capture of the bacterial components in the coacervate droplets and DNase-mediated 
fragmentation of the release plasmids into linear substrands, followed by addition of 5 μl of 1,4-dithiothreitol 
(1 mM) and 2-mercaptoethanol (0.5 mM) and incubation for another 1 h to inactivate the DNase I. After 
incubation, FITC–CM-dextran (10 μl, 10 mg ml−1) was gently added to the mixture to induce phase separation of 
the DNA fragments in the form of a single DNA–histone subcompartment within the coacervate phase. 

DyLight 550 labelling of bacterial proteins 

A bacterial lysate was prepared by adding lysozyme (20 mg ml−1 in 20 mM Tris-HCl, 2 mM EDTA, pH 8.0 buffer) 
to a mixture of E. coli strain BL21(DE3) (OD = 2) and P. aeruginosa strain PAO1 (OD = 1), and incubating 
overnight. The bacteria were then centrifugated under 2,000 rpm for 10 min and washed with PBS to remove 
the lysozyme, and the cells were lysed using a freeze–thaw method involving ten cycles of freezing by liquid 
nitrogen and thawing in a water bath set at 37 °C. Then, 40 μl of DyLight 550 NHS Ester (dissolved in DMSO, 
1 mg ml−1) was added dropwise to 2 ml of the bacterial lysate (in 100 mM NaHCO3/Na2CO3 buffer, pH 9.0), 
followed by stirring for 12 h in the dark at 4 °C. The mixed solution was then placed in a filter bag and dialysed 
against PBS (0.01 M PBS, pH 7.4) and then against H2O at 4 °C in the dark for 2 days. The resulting solution was 
centrifugated at 13,000 rpm for 10 min to remove any insoluble precipitate and then freeze-dried. 

Partitioning of bacterial proteins in protocells 

DyLight-550-labelled bacterial proteins (20 mg ml−1, 10 μl) were added to a suspension (40 μl) of bacteriogenic 
protocells containing a DNA–histone subcompartment, and partitioning between the proto-cytoplasmic and 
proto-nucleus regions was recorded by confocal microscopy. 

Synthesis of FITC/RITC-labelled proteins and polymers 

FITC or RITC (200 μl; dissolved in DMSO, 1 mg ml−1) was added drop by drop to 10 ml of a protein or polymer 
(10 mg ml−1, dissolved in 100 mM NaHCO3/Na2CO3 buffer, pH 9.0) solution, followed by stirring for 12 h in the 
dark at 4 °C. The mixed solution was next placed in dialysis tubing and dialysed against PBS (0.01 M PBS, pH 7.4) 
and then H2O at 4 °C in the dark for 2 days. The resulting solution was centrifuged at 13,000 rpm for 10 min to 
remove any insoluble precipitate and then freeze-dried. 

In situ assembly of F-actin in bacteriogenic protocells 

Remodelled PDDA/ATP coacervate-based bacteriogenic protocells comprising a DNA–histone-enriched phase-
separated subcompartment were prepared as described above and an aqueous solution of rhodamine-B-
labelled G-actin (final concentration, 50 μg ml−1) was added to the protocell suspension followed by a F-actin-
initiator buffer (500 mM KCl, 20 mM MgCl2 in 100 mM Tris, pH 7.5) such that the system was activated by the 
coacervate ATP. A non-active system was established by preparing the bacteriogenic protocells as described 
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above but using UTP instead of ATP as the main component of the coacervate followed by addition of G-actin 
and the Mg2+-containing buffer. Alternatively, an ATP-generation system (PK (0.2 mg ml−1), PEP (10 mM) and 
ADP (10 mM)) was preloaded into the coacervate droplets before protocell construction and G-actin/Mg2+ was 
then added to control intraprotocell cytoskeletal assembly. 

Live-cell energization of bacteriogenic protocells 

Bacteriogenic protocells based on PDDA/UTP coacervate droplets and containing a DNA–histone proto-nucleus 
were constructed as described above but using only half of the P. aeruginosa colony to give a volume ratio of 
E. coli (OD600 = 20):P. aeruginosa (OD600 = 10) of 2:1. The resulting protocells were enclosed by an incomplete 
outer membrane, enabling subsequent uptake of live E. coli cells. An aqueous mixture of a lysozyme inhibitor 
(NAG3, 10 mM, 5 μl) and melittin inhibitor (OBAA, 5 mM, 5 μl) was added to the protocell suspension (100 μl) 
and incubated for 0.5 h to prevent any further lysis activity. A colony of live E. coli cells (OD600 = 5, 5 μl) was 
then added to the protocell suspension and incubated for 10 min to facilitate the capture of live bacteria within 
the cytoplasmic-like region of the bacteriogenic protocells. A solution containing a lysate—prepared by 
treating a single population of P. aeruginosa cells in buffer (20 mM Tris-HCl, 2 mM EDTA, pH  8.0) with lysozyme 
and melittin (final concentrations, 2 mg ml−1 for both, 1 h) followed by NAG3 (10 mM, 5 μl, 0.5 h) and OBAA 
(5 mM, 5 μl, 0.5 h)—was then added to seal the protocell membrane with lipid fragments. 

Energization of the living/protocell construct was initiated by addition of glucose (1 mg ml−1; LB broth (peptone 
(2 mg ml−1) and yeast extract (1 mg ml−1)) to generate ATP inside the living E. coli guest cells and subsequently 
charge the host bacteriogenic protocells with ATP by extracellular secretion. An aqueous solution of 
rhodamine-B-labelled G-actin (final concentration, 50 μg ml−1) was then added to the protocell suspension 
followed by a F-actin-initiator buffer (500 mM KCl, 20 mM MgCl2 in 100 mM Tris, pH 7.5) to activate the self-
assembly of a F-actin proto-cytoskeletal network within the bacteriogenic protocells by a self-sufficient 
mechanism of ATP production. ATP biogeneration within the hybrid protocells was readily sustained by 
replenishing the nutrients in the external medium. Nutrients were replenished in the first 3 h after incubation 
and then replenished every 6 h. To avoid changes in additive concentrations, we matched the concentration 
of all of the buffers in the post-added nutrient solutions, including the Mg2+-containing actin polymerization 
buffer and the LB nutrient buffer, for the implanted live bacteria. Moreover, the reaction tubes were sealed to 
avoid water evaporation and concomitant increases in concentration. 

Live-cell gene expression in bacteriogenic protocells 

Bacteriogenic protocells with entrapped live E. coli (strain DH2) cells were prepared as described above 
followed by addition of 5 μl of 1,4-dithiothreitol (1 mM) and 2-mercaptoethanol (1 mM) and incubation for 1 h 
to inactivate the residual DNase I. Monitoring and analysis of gene expression were performed as described in 
the ‘Endogenous gene expression in bacteriogenic protocells’ and ‘Protein gel electrophoresis and western 
blot analysis’ sections above. 

Luciferase assays 

ATP concentrations in a pure E. coli colony or bacteriogenic coacervate-based PDDA/UTP protocells containing 
an enzyme-based ATP generation pathway or live E. coli cells were determined using luciferase assays. The 
reactions were performed in 50 mM Tris-HCl (pH 7.8) buffer with 1 μg ml−1 luciferase and 20 μg ml−1 d-luciferin. 
Luminescence intensities were recorded using a plate reader. 

Kinase assays 

For kinase activity assays, bacteriogenic protocells with entrapped live E. coli cells were prepared as described 
above. The kinase activity was then determined by a two-step cascade reaction. Peptide substrates (1 μl; Z′-
LYTE Ser/Thr 5 Peptide, from Z′-LYTE Kinase Assay Kit, 0.1 mM diluted by 5× kinase buffer) were added to 200 μl 
of the protocell suspension and incubated for 1 h at room temperature. Then, 5 μl of development solution 
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(from the Z′-LYTE Kinase Assay Kit, development reagents included) was added and the mixture was incubated 
for a further 1 h at room temperature. Then, 5 μl of a stop reagent (from Z′-LYTE Kinase Assay Kit) was added 
and fluorescence intensities (excitation/emission: 400/445 nm, 520 nm) were recorded using a plate reader. 
Control experiments using bacteriogenic protocells without entrapped live E. coli cells were undertaken using 
the same procedures. 

Assembly of membrane-coated, water-filled vacuoles in bacteriogenic protocells 

A total of 40 μl from a suspension of bacteriogenic protocells was placed on an O-slide and the aqueous 
supernatant phase was replaced with distilled water to generate hypotonic conditions. 

3D reconstruction and volume calculation of bacteriogenic protocells 

All reconstruction images and relative volume profiles of single bacteriogenic protocells were obtained by 
importing 3D confocal fluorescence microscopy stack files to Imaris software. The reconstruction images were 
created by ‘surface’ or ‘sports’ simulation in Imaris, while the volume information for the objects was checked 
using the ‘statistics’—‘volume’ tool. 

Optical and confocal fluorescence microscopy studies 

Typically, 40 µl of the suspensions was loaded into a PEGsilane-functionalized O-slide. Optical and fluorescence 
microscopy images were recorded on the samples using the Leica SP5 confocal microscope with an oil-
immersion ×60 lens, or a wide-field microscope with a motorized stage, adaptive focus control, and the Leica 
DFC365FX and DFC420C colour cameras. Fluorophores were excited using specific filters with the following 
excitation (λex) and emission (λem) wavelength cut-offs: FITC, λex = 450–490 nm, cut-off 510 nm; RITC, λex = 515–
560 nm, cut-off 580 nm; Hoechst 33,342, λex = 355–425 nm, cut-off 455 nm. Image analysis was performed 
using Image J. 

Pegylation of coverslips 

The coverslips were precleaned with 70% ethanol by sonication for 5 min and then dried immediately with 
nitrogen and placed in a staining jar. A mixture containing 10 ml of toluene and 200 μl of PEGsilane was added to 
the jar under argon. After incubation for 24 h, the slides were rinsed individually with ethanol and dried in the air. 

Curve fitting 

Time-dependent fluorescence plots of the capture and compartmentalization of E. coli or PAO1 cells were 
fitted using a logistic function44, 

I=(Is−I0)/(1+(t/t1/2)k)+Is 

Where I is the fluorescence intensity value (y axis); t is the time (x axis); Is is the saturation/maximum 
fluorescence intensity; I0 is the initial fluorescence intensity; t1/2 is the t value at the midpoint of the sigmoidal 
curve—before t1/2, the slope of the curve (fluorescence intensity/adsorption increasing rate) increased; after 
t1/2, the slope of the curve (fluorescence intensity/adsorption increasing rate) decreased; and k is the logistic 
growth rate. 

According to the function, fitted curves were used to determine Is, t1/2 and k for both E. coli and PAO1 cells: 

For E. coli, 
I=(0−56.4)/(1+(t/22)3)+56.4 
Is = 56.4, t1/2 = 22, k = 3. 

For P. aeruginosa, 
I=(0−15.3)/(1+(t/25)3)+15.3 
Is = 15.3, t1/2 = 25, k = 3. 
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Fig. 1: Spontaneous capture of bacterial colonies in coacervate microdroplets. a, Specific uptake of live E. coli 
(green) and surface adsorption of PAO1 (red) cells in PDDA/ATP coacervate microdroplets. b–d, Confocal 
microscopy images of coacervate droplets after spontaneous capture of live E. coli (b), PAO1 (c) and a binary 
population of E. coli and PAO1 (d) cells. 3D (left) and 2D (right) fluorescence images are shown, with green/red 
fluorescence overlays, and filtered images. The fluorescence labels in b and c show coacervate (Sul-RhB, red) 
and bacteria (SYTO-9, green, DNA stain). The green and red fluorescence in d originate from expressed eGFP 
and mCherry. Scale bars, 5 μm. e–g, FACS fluorescence-gated analysis of the following coacervate 
microdroplet–bacteria mixtures: ssDNA–TAMRA-labelled droplets (orange), free SYTO-9-stained E. coli (green) 
and droplets with captured E. coli SYTO-9 (blue) (e); ssDNA–TAMRA droplets (orange), free SYTO-9-stained 
PAO1 (purple) and droplets with captured PAO1 SYTO-9 (blue) (f); non-fluorescent microdroplets (grey), free 
E. coli eGFP and PAO1 mCherry cells (olive green) and droplets with co-captured E. coli eGFP and PAO1 mCherry 
cells (blue) (g). For e and f, the quadrants comprise free E. coli (46%, gate Q1), free droplets (12%, Q3) 
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and droplets with captured E. coli bacteria (40%, Q2) (e), and free PAO1 (42%, Q1) , free droplets (7%, Q3) and 
droplets with captured PAO1 (50%, Q2) (f); impurities (Q4) were 2% in both cases. For g, the quadrants show 
free E. coli eGFP (33%, gate Q1), free PAO1 mCherry (22%, Q3), free unlabelled droplets (10%, Q4) and droplets 
with co-captured bacteria (35%, Q2) (g). Data were recorded after 5 min for a total population size of 1 × 106. 
h, Time-dependent fluorescence plots of the co-capture of E. coli (green) and PAO1 (red) cells in individual 
coacervate droplets. The curves were fitted to logistic sigmoid functions. The E. coli and PAO1 time midpoints 
(t1/2) were 22 s and 25 s; growth-rate indices were 1.75 and 5.9; and equilibrium times (first derivative ≈ 0) 
were around 70 s and 80 s, respectively. n = 4 protocells measured. Data are mean ± s.d. 
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Fig. 2: Construction of bacteriogenic protocells. a, On-site bioprocessing of living pre-former coacervate 
droplets into bacteriogenic protocells comprising encapsulated E. coli-derived cytoplasmic components 
(green) surrounded by a continuous PAO1-derived membrane (red) (left and middle). Right, exposure to 
hypotonic conditions results in water vacuole formation within the protocells. b,c, 2D and 3D green/red-
overlaid confocal fluorescence microscopy images of single PDDA/ATP coacervate droplets containing spatially 
separated populations of living E. coli eGFP (green fluorescence) and lysed PAO1 cells (red fluorescence, Dil 
C18 stain, lipid fragments) (b), and after lysis of both bacteria to produce a bacteriogenic protocell (c). The 
fluorescence labels show E. coli-derived eGFP (green) within the protocell interior and a continuous membrane 
of PAO1-derived lipids (red) at the protocell surface. d, Corresponding filtered 3D images; cytomembrane 
fragments are also present within the protocell (top) along with homogeneous distributions of E. coli-derived 
eGFP (middle) and DNA (bottom; PI-red fluorescence). e, 2D (left) and 3D (right) confocal fluorescence 
microscopy images of an individual bacteriogenic protocell containing membrane-coated water-filled vacuoles 
(non-fluorescent region). The proto-cytomembrane (1), proto-cytoplasm (2) and water-filled vacuole (3) are 
shown. Staining was performed as described in c. For b–e, scale bars, 5 μm. f, Quantitative component analyses 
of bacteriogenic protocells derived from lysed mixed populations of E. coli and PAO1 cells. g, LC–MS proteomic 
analyses of samples of bacteriogenic protocells and a binary population of E. coli and PAO1 cells (no coacervate 
droplets). For f and g, n = 3 experiments. Data are mean ± s.d. Contaminating proteins/peptides such as 
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lysozyme and melittin were excluded from the analysis. h, Gene Ontology term annotation and functional 
classification for identified proteins associated with bacteriogenic protocells. The proteins were identified in 
multiple subcategories (molecular functions (top), cellular components (middle) and biological processes 
(bottom)). BR, biological regulation; CAE, cellular anatomical entity; CP, cellular process; MA, molecular 
adapter; MFR, molecular function regulator; MP, metabolic process; MT, molecular transducer; PCC, protein-
containing complex; RTS, response to stimulus; SM, structural molecule; TR, translation regulator. 
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Fig. 3: Cytomimetic properties of bacteriogenic protocells. a–c, Confocal fluorescence microscopy images of 
single protocells containing bacterially derived alkaline phosphatase (a), lipase (b) or protease (c) recorded 
30 min after exposure to cognate enzyme substrates showing intraprotocell production or sequestration of 
fluorescein (a) or BODIPY FL dye (b and c). d, The mean grey values for reactions shown in a–c and for the 
coacervate droplet controls. e, Time-dependent images of a single protocell after addition of resorufin-β-d-
galactopyranoside (RBG), showing endogenous β-gal-mediated production of resorufin (red fluorescence). f, 
The mean grey values with time for resorufin formation in single bacteriogenic protocells (red) or single 
coacervate droplets with co-captured non-lysed bacteria (black) after addition of RBG. n = 3. g, Formazan 
production (absorption at 565 nm (A565)) for native coacervate droplets (black), bacterial lysate (no droplets, 
blue), bacteriogenic protocells (green), and live E. coli and PAO1 cells (red). n = 3. h, The final concentrations 
of l-lactate for the experiments shown in g; n = 3. i, A sample well containing formazan-containing protocells 
(purple dots) after glycolysis. j, A single bacteriogenic protocell 0.5 h after glycolysis with formazan in the 
interior. k, The time-dependent increase in deGFP concentration in bacteriogenic protocells undergoing 
endogenous in vitro gene expression. Curve is fitted to a Hill function (t1/2 = 0.9 h, Hill coefficient = 2). Maximum 
expression rate is observed at 0.5 h (inset). n = 2. l, The time-dependent increase in expressed deGFP (green 
fluorescence) within a bacteriogenic protocell. n = 3. m, The corresponding time-dependent mean grey values 
for single protocells with (red) or without (black) the plasmid pEXP5-NT/deGFP. n,o, Gel electrophoresis 
profiles (n) and western blotting images (o) of extracted proteins after disassembly of protocells with (+) or 
without (−) the plasmid pEXP5-NT/deGFP. The arrows show an additional plasmid-dependent band at 27 kDa, 
which was stained by anti-GFP antibodies. Gel source data are provided in Supplementary Fig. 8. For a–c, e, j 
and l, scale bars, 5 μm. For f–h, k and m, data are mean ± s.d. 
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Fig. 4: On-site augmentation of bacteriogenic protocells. a, Bacteriogenic protocells (left, outer membrane 
(red), proto-cytoplasm (green)) are structurally remodelled by endogenous DNA–histone liquid–liquid phase 
separation (centre) and ATP-driven assembly of GTP (right) to produce a single bacterial DNA–histone proto-
nucleus (blue) and a 3D network of proto-cytoskeletal filaments (brown). b, Fluorescence microscopy image 
of a single bacteriogenic protocell containing histone, DNase I and MnCl2 recorded 20 min after addition of 
FITC–CM-dextran. Blue, DNA–histone condensate; green, CM-dextran-enriched proto-cytoplasm; red, PAO1-
derived lipids. c, Red/green/blue (left), red/blue (middle) and green (right) filtered 3D images of the protocell 
displayed in b showing spatially segregated cytomimetic structures. d, Images showing partial exclusion of 
bacterial proteins (red) from the DNA–histone condensate (blue). e, The percentage of protein and DNA in the 
cytoplasmic- and proto-nucleus-like regions of bacteriogenic protocells. n = 3. For e, data are mean ± s.d. f, A 
single bacteriogenic protocell prepared as described in b but in the absence of DNase I and MnCl2; multiple 
DNA–histone condensates (red) are distributed in the proto-cytoplasm (green). g,h, Fluorescence microscopy 
(g) and 3D reconstruction (h) images of a bacteriogenic protocell under hypotonic conditions. The proto-
cytomembrane (1), water-filled vacuole (2), proto-cytoplasm (including CM-dextran) (3) and proto-nucleus (4) 
are shown. Staining was performed as described in b, except green fluorescence was from expressed eGFP. i, 
F-actin assembly in PDDA/UTP-based bacteriogenic protocells charged with PK, PEP and ADP. PK transfers 
phosphate from PEP to ADP to yield pyruvate and ATP. G-actin and Mg2+ uptake results in ATP-driven 
polymerization and microfilament assembly only in the proto-cytoplasm. j,k, Bright-field image (j) and the 
corresponding 3D fluorescence image (k) of a single bacteriogenic protocell prepared as described in i. Red, F-
actin network; blue, DNA–histone proto-nucleus. l,m, Images of a single bacteriogenic protocell showing the 
proto-cytoskeletal network (red), membrane-free DNA–histone condensate (blue) and PAO1-derived outer 
membrane (red) (l);  the proto-cytoplasm (green) is also imaged in m. For b–d, f, g and j–m, scale bars, 5 μm. 
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Fig. 5: Live-cell energization of bacteriogenic protocells. a, Implantation of live E. coli cells in bacteriogenic 
protocells. Construction of PDDA/UTP-based bacteriogenic protocells with a DNA–histone subcompartment 
and incomplete PAO1-derived membrane (i). Penetration of living E. coli and capture within the proto-
cytoplasmic region (ii). Addition of PAO1-derived lipids and sealing of the protocell membrane (iii). b, 2D (left) 
and 3D (right) fluorescence images showing E. coli eGFP cells (green) in the proto-cytoplasmic regions of a 
single bacteriogenic protocell after membrane resealing (red). Blue, DNA–histone condensate. c, FACS 
live/dead analysis of bacteriogenic protocells containing SYTO-9/PI-stained E. coli cells. d, Time-dependent 
plots of the mean numbers of E. coli cells (total, black; live, green). e, Protein and CM-dextran levels in 
bacteriogenic protocells after incubation for 1 h (orange) and 48 h (green). f, Time-dependent plots of ATP 
concentration in bacteriogenic protocells by entrapped live E. coli cells (proto-mitochondria, green) or ATP-
generation (PK–PEP–ADP pathway, black). g, Kinase activity in bacteriogenic protocells with entrapped live E. 
coli cells (green, 55%), encapsulated PK–PEP–ADP pathway (purple, 43%) or ATP control (bacterial lysate, grey 
column, 21%). h, In vitro gene expression of deGFP (green) in the proto-cytoplasmic region of a single hybrid 
protocell. Blue, DNA–histone subcompartment; red, entrapped live E. coli cells. i, deGFP expression over 40 h 
for a population of hybrid protocells. The exponential decay curve is shown ([deGFP]max = 0.015 μM, t1/2 = 9 h). 
j, F-actin assembly in bacteriogenic protocells containing ATP-generating live E. coli cells (green) and a DNA–
histone proto-nucleus (blue). k, 2D image of a living/synthetic cell construct with F-actin microfilament 
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network (red), DNA–histone subcompartment (blue) and guest E. coli eGFP cells (green). l, 3D image of a hybrid 
protocell exposed to hypotonic conditions for 30 min; membrane-coated water vacuoles (arrows) are trapped 
within the remodelled proto-cytoplasm. For b, h, k and l, scale bars, 5 μm. n = 3. For d–g and i, data are 
mean ± s.d. 
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Fig. 6: Live-cell-mediated morphogenesis in bacteriogenic protocells. a, Time series of confocal fluorescence 
microscopy images of spherical bacteriogenic protocells with entrapped E. coli eGFP cells and F-actin (1 h) 
showing progressive transformation (12–48 h) into amoeba-like living/synthetic constructs due to on-site E. 
coli activity. Data were recorded at given time intervals from different populations. Red, F-actin and outer 
membrane; blue, DNA–histone condensate; green, guest live E. coli cells. b, Corresponding time series of 3D 
reconstruction images. The colours are as described in a. c, Time-dependent changes in the numbers of live E. 
coli cells per protocell. n = 3. Data are mean ± s.d. d, Time-dependent plot of relative volumes for single 
living/synthetic constructs. n = 3. Data are mean ± s.d. e,f, Diagram (e) and corresponding 2D confocal 
fluorescence microscopy image (f) of the functional protoliving synthetic cell with seven cytomimetic features: 
outer membrane (1); molecularly crowded proto-cytoplasm (2); membrane-free DNA–histone proto-
nucleus (3);surrogate mitochondria (E. coli cells) (4); proto-cytoskeleton (5); membrane-bounded spherical 
water vacuoles (6); and amoeba-like cell morphology (7). For a and f, scale bars, 10 μm. 

 


