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Abstract

Giant lipid vesicles have been used extensively as a synthetic cell model to recapitulate various 

life-like processes, including in vitro protein synthesis, DNA replication, and cytoskeleton 

organization. Cell-sized lipid vesicles are mechanically fragile in nature and prone to rupture due 

to osmotic stress, which limits their usability. Recently, peptide vesicles have been introduced 

as a synthetic cell model that would potentially overcome the aforementioned limitations. 

Peptide vesicles are robust, reasonably more stable than lipid vesicles and can withstand harsh 

conditions including pH, thermal, and osmotic variations. This mini-review summarizes the 

current state-of-the-art in the design, engineering, and realization of peptide-based chassis 

materials, including both experimental and computational work. We present an outlook for 

simulation-aided and data-driven design and experimental realization of engineered and 

multifunctional synthetic cells. 
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1. Introduction
The cell, the "simplest" unit of life, is in fact a highly sophisticated system. It is a multi-

compartment system that houses vital reactions that are coordinated spatiotemporally between 

different organelles. In the course of understanding life, it is essential to comprehend how a 

micron-sized cell is capable of organizing all the necessary components for its survival. A simple 

start towards answering this question would be to create the basic structure of the cell. This has 

guided the concept of synthetic cells in bottom-up synthetic biology whereby different processes 

including protein synthesis, cell division, and endocytosis-exocytosis are reconstituted in a cell-

like system.1–7 

The first step in building a synthetic cell system is the creation of a compartment. 

Compartmentalization enables the encapsulation of DNAs, RNAs, and proteins providing a 

wealth of applications.8–10 The compartments can vary in sizes from few hundred nanometers to 

few hundred micrometers and can be prepared by numerous methods such as thin film 

hydration method, electroformation, tetrahydrofuran (THF) swelling, and extrusion. 

Compartments formed by these methods are termed as vesicles, often used as a synthetic cell-

like model where the exchange of the materials from inner solution to outer solution and vice-

versa is limited. Vesicles are composed of a bilayer which mimics the biological cell membrane. 

The bilayer membrane is generated through the self-assembly of lipid molecules containing a 

hydrophilic head and a hydrophobic tail. Lipid vesicles can be prepared by using different 

methods yielding sizes ranging from nanometers to tens of micrometers in diameter. These 

vesicles are extensively employed in different fields from synthetic biology to applied sciences 

like nanotechnology, drug delivery and diagnostics.11,12 

Aside from compartmentalizing biochemical reactions, the cell membrane itself mediates 

many vital reactions such as cell-cell communication, redox reactions at mitochondrial 

membrane, endocytosis/exocytosis, and signal transmission in a nerve cell. In the context of 

deciphering the roles of the membrane, it is necessary to consider both the biochemical and 

biophysical aspects of a bilayer membrane. Conventional lipid bilayer vesicles have high 

inherent deformability than natural cells as model membrane vesicles do not have a supporting 

cytoskeleton network. Hence, lipid vesicles are susceptible to mechanical stress and are also 

susceptible to harsh conditions such as high salt concentration. The fragile nature of cell-sized 

lipid vesicles has motivated the exploration of alternative chassis material for synthetic cells. 

Chemically synthesized amphiphilic polymers were introduced as polymersomes that have 

immense biomedical industrial applications13 and have been used in the fabrication of hybrid 

vesicles consisting of lipid and polymer to provide enhanced mechanical strength.14 These 
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hybrid vesicles, made of lipid-poly(butadiene)-b-poly(ethylene oxide), have been shown to 

provide a better folding environment for a mechanosensitive channel in the membrane.15 

Nevertheless, polymersomes are not fully biocompatible and this has restricted their usability.

Recently, amphiphilic peptide vesicles based on elastin-like polypeptides (ELPs) were 

introduced by Vogele et al. as an artificial cell chassis material.16 Peptide vesicles are 

mechanically robust and can survive high thermal, osmotic and chemical assaults. Inspired by 

these recent advances and the potential for using amphiphilic peptides as a building block for 

synthetic cells, we will summarize recent literature on different types of peptide-based vesicles, 

highlighting the advantages and associated challenges. We will also review computational 

studies that aim to understand and engineer these polypeptides. Finally, we provide some 

outlook of using ELP vesicles for bottom-up synthetic biology studies.

     
2. Self-assembly of amphiphilic polypeptide prototypes: Distinct peptidic scaffolds

2.1 Natural amphiphilic polypeptides

Surface active proteins, or surfactant proteins, are typically amphiphilic polypeptides that 

lower the surface tension at the water-air (mostly) and water-oil interfaces. This effect is crucial 

for many life processes including sporulation in fungi and bacteria, formation of foam nests in 

frog reproduction, and cooling in horse’s sweat and saliva (see Table 1). These naturally-

occurring biological surfactants have been repurposed for a variety of applications from coating 

of nano-devices and medical implants to food industry as emulsifier and in personal care 

products.17,18 We briefly introduce a number of key natural amphiphilic polypeptides below and 

refer interested readers to a detailed review by Schor et al.19

Oil bodies present in plant seeds play multiple roles in plant physiology such as lipid 

metabolism and hormonal signaling.20 They also serve as reservoirs of toxic fatty acids that are 

lethal to plant cells. These oil bodies are stabilized by surfactant proteins called oleosins.21,22 

Oleosins are a class of plant proteins of size 15 – 26 kDa, with three different regions, N-

terminal hydrophilic – middle hydrophobic – C-terminal hydrophilic regions.23,24 Oleosin has one 

of the longest natural hydrophobic domains.25 Self-assembly of recombinant oleosins was 

reported by the Hammer group (see Figure 1A) where they investigated the phase behavior of 

different oleosins as a function of ionic strength and the hydrophilic length at N- and C- termini 

while keeping the middle hydrophobic region unchanged. The formation of giant protein bilayer 

vesicles from phase separation of double emulsions was demonstrated, highlighting the use of 

recombinant amphiphilic proteins to self-assemble into suprastructures.26
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Hydrophobins are a class of small globular surface-active proteins of ~75-150 amino acid 

residues. They are one of the most studied and applied surface-active proteins. Hydrophobins 

are produced by filamentous fungi Schizophyllum commune and play an important role in fungal 

growth and development.27 The submerged part of this fungi secretes hydrophins which self-

assemble at air-water interface, lower the surface tension, and assist in the aerial growth of the 

fungi. Structurally, hydrophobins are amphiphilic in nature with a hydrophilic region and a 

“hydrophobic patch” comprised of aliphatic residues (see Figure 1B). They have eight highly 

conserved cysteine residues which form four intramolecular disulfide bonds.28,29 Hähl et al. 

reported a microfluidic approach for making free-standing protein bilayers from native 

hydrophobins. They showed the assembly of hydrophobins with either a hydrophobic core or a 

hydrophilic core as the bilayer as shown in Figure 1B, and demonstrated giant protein vesicle 

formation by using microfluidic jetting.30 

Ranaspumins comprise another class of important surface-active proteins. They are 

important stabilizing proteins in organisms where external fertilization occurs, mostly in fish and 

frogs. Before fertilization, a male frog generates a foam nest by vigorously peddling using a 

small amount of surface-active liquid released by a female frog. The air bubble nest generated 

at the air-water interface with ranaspumins and other stabilizing agents help the fertilized eggs 

develop into tadpoles. The foam nest does not coalesce due to the presence of ranaspumins at 

the interface and is stable for weeks. It  also protects the fertilized eggs from dehydration and 

microbes.31,17 Ranaspumins are monomeric in nature with a size up to 25 kDa and their high-

resolution x-ray structure and solution NMR structure have been determined.32,33 Interestingly, it 

is believed that they undergo conformational changes to reduce the interfacial tension along 

with other stabilizing agents.32 As an example, artificial photosynthetic fixation of CO2 into sugar 

and light into ATP are demonstrated by Wendell et al. using bacteriorhodopsin/F0F1 ATPase 

lipid vesicles.34 The lipid vesicles are trapped at the interface of the foam stabilized by 

Ranaspumin-2.

An animal-based surfactant protein called latherin is a non-glycosylated surface-active 

proteins present in sweat and saliva of horses and equids.35,36 Unlike humans, a horse’s sweat 

has low salt and higher protein content. A major part of these proteins is composed of latherin, 

and like other surfactant proteins it also decreases the interfacial tension. It acts as a wetting 

agent and facilitates the evaporation from the surface of the horse’s skin and regulates the body 

temperature. It also prevents deposition of microbial biofilm in the pelt.37 Latherin is composed 

of a high fraction of hydrophobic amino acids and has exceptionally high leucine content.35 Like 

ramaspumins, it is present in monomeric state and has no amphiphilic nature. In the absence of 
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any amphiphilic character, a mechanism of action in lowering surface tension has been 

proposed based on an interfacial conformational change.38 

2.2 Synthetic polypeptides
2.2.1 Chemically synthesized polypeptides

Block co-polypeptides are the crosslinked product of two or more polypeptides. These 

polypeptides are extensively utilized in the field of biomaterials.39 As shown in Figure 2A, 

polypeptides are chemically synthesized by acid-N-carboxyanhydride monomers of amino acids 

and combined via various methods such as alkyne-azide conjugation or crosslinked by oxidation 

or by using a crosslinker.39,40 Chemically synthesized polypeptides are relatively easy to 

formulate di-,tri or multi-block co-polypeptides with other existing methods. The chemical 

synthesis approach makes it easy to covalently conjugate small peptides or fluorophores and 

enables control over crosslinking of different block co-polypeptides.

Self-assembly of diblock co-polypeptides containing dihydroxyphenylalanine to form 

polypeptide vesicles was demonstrated by Holowka and Deming.41 These vesicles, when 

chemically crosslinked, are stable under different conditions such as freeze-drying, organic 

solvents and osmotic stress. By using polar amino acids like lysine, glutamic acid, histidine and 

non-polar amino acids like phenylalanine, leucine, biomimetic vesicles with different 

physicochemical properties can be generated.42,43 Other hybrid vesicles called proteinosomes 

where proteins are covalently conjugated to polymers have been used to form biomimetic 

protocells44 and prototissues.45 

2.2.2 Recombinantly generated polypeptides

Elastin-like polypeptides (ELPs) are amphiphilic polypeptides derived from tropoelastin 

that have found great utility in the fabrication of peptide-based cell membranes (discussed in 

section 4).46 ELPs are comprised of alternate hydrophobic and hydrophilic domains that are 

made up of repeated units of pentapeptide Val-Pro-Gly-X-Gly, where X represents any 

canonical amino acid except proline. They undergo phase transition above a transition 

temperature (Tt) and aggregate into coacervates that are immiscible in water.46 Below the Tt, 

they remain soluble in the aqueous phase. Exploiting this peculiar behavior, ELPs can be 

purified by inverse transition cycling method.47

Repetitive nucleotide sequence encoding polypeptides like ELP, collagen-like protein, 

worm-silk-fibroin are difficult to synthesize. Conventional methods of gene synthesis fail to 
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construct the desired sequence due to the presence of repeated sequences. A number of 

solutions have been proposed to make viable genetic constructs and clone them into a suitable 

vector. These methods include concatemerization48, overlap extension PCRs49, one-vector-

toolbox-platform 50, and  recursive directional ligation (RDL)51, with RDL being the most popular 

method. In RDL, a small double-stranded DNA that serves as an ELP monomer is generated by 

ligating forward and reverse strands that are separately synthesized with their restriction site at 

respective ends, followed by insertion into a linearized vector with two different restriction sites 

(RE1 and RE2, see Figure 2B). ELP dimerization occurs in three steps; first, digestion of the 

vector with RE1 and RE2, which yields a ELP construct with complementary DNA overhangs; 

second, creation of a sticky-end with RE1 that already has an ELP monomer); and finally, 

ligation of ELP construct with sticky-end vector to yield a dimerized product. This method yields 

a low-efficiency ligation because of the circularization of insert. The overlap region required 

between the recognition sequence and the coding region limits the overall ligation efficiency.52 

This ligation method was consequently improved and called recursive directional ligation by 

plasmid reconstitution (Pre-RDL).53 Briefly, a parent plasmid is strategically cleaved into two 

parts by using different restriction sites. This results in two plasmids halves each containing an 

ELP construct. Then the two halves are ligated to generate a plasmid containing double the ELP 

gene. This method uses Type II restriction enzymes which cleave away from the recognition 

sequence, overcoming the limitation of RDL. ELPs have been extensively utilized in the field of 

drug-delivery54 using different morphologies ranging from simple micelles55 to nanofibers to 

beads-on-a-string.46,52,56–58,59 

3. Computational approaches to peptide self-assembly and design
3.1 All-atom and coarse-grained molecular simulation

Computer simulation has played an important role in the study of self-assembling 

peptides by providing microscopic insights into the molecular assembly mechanisms.60 

Simulations have been deployed to study the self-assembly of peptides over a wide range of 

length scales ranging from small dipeptides to long polypeptides. Appreciating that the size of 

the field precludes a comprehensive review, we highlight some selected studies of systems 

ordered from the small to the large.  Self-assembly of dipeptides have been extensively studied 

with diphenylalanine (FF) peptide representing one of the smallest self-assembling peptides to 

have been investigated in simulations and experiments. Consistent with experimental findings, 
61–64  coarse-grained simulations of FF peptide performed by Guo et al. demonstrated the 

formation of a variety of nanostructures including vesicles, nanotubes and planar bilayers.65 
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Interestingly, the disassembly of self-assembled FF crystals in buffer has been observed to help 

the formation of lipid vesicle in a dipeptide/phospholipid system.66 Following this study, Guo et al. 

later found that triphenylalanine (FFF) peptide spontaneously forms solid nanospheres and 

nanotubes instead of water-filled vesicles and nanotubes formed by FF peptide.67 They 

proposed that the interplay between side chain-side chain and main chain-main chain 

interactions is the key factor leading to the difference in the self-assembled structures between 

FFF and FF peptides.67 Velichko et al. found using a coarse-grained model that the peptide 

amphiphile molecules self-assemble into a variety of structures, such as micelles and β-sheet, 

depending on the interplay between hydrophobic interactions and hydrogen bonding.68 Lee et al. 

conducted all-atom simulation to examine the microscopic structure of cylindrical nanofiber 

formed by a peptide amphiphile whose peptide segment is SLSLAAAEIKVAV and determined 

the key energetic factors that contribute to the stability of fiber through the analysis of non-

bonded interaction energy.69 Fu et al. investigated the effects of temperature and hydrophobicity 

on the self-assembly of a peptide amphiphile, palmitoyl- V3A3E3, and summarized the result in a 

phase-diagram70 (Figure 3A). In a follow-up study, Fu et al. further investigated the kinetic 

pathway of palmitoyl-V3A3E3 self-assembly under moderate temperature and different solvent 

conditions.71 

In a series of studies, Shea and co-workers used coarse-grained simulations to 

investigate the effects of β-sheet propensity, surface interactions and pH on the fibrillization of 

peptides.72–75 They found that a decrease in β-sheet propensity leads to a decrease in fibril 

formation and an increase in the formation of toxic nonfibrillar structures.74 They also proposed 

three mechanisms of fibril formation72 and showed that terminal charges play an important role 

in the aggregation morphology of a hydrophobic peptide YVIFL.75 Lin et al. combined the 

experimental observation and computational simulation to confirm the micellization of PLGA-b-

PPO-PLGA and PEG-b-PPO mixed chains where PLGA stands for poly(L-glutamic acid), PPO 

stands for poly(propylene oxide) and PEG stands for polyethylene glycol.76 Using coarse-

grained simulation, they were able to confirm that PPO blocks form the core of micelles while 

the PLGA and PEG blocks form the corona.76

Although there have been many computational studies on the self-assembly of peptide 

copolymers in general, fewer computational studies have been conducted on the self-assembly 

of ELPs. Rauscher and Pomès performed long all-atom simulations for both the single 

(GVPGV)7 chain and the nanoaggregate formed by multiple (GVPGV)7 chains.77 They found that 

single (GVPGV)7 chain in solution samples disordered structures without strong preferred 

conformations and multiple  (GVPGV)7 chains assemble into nanoaggregates while showing 
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large degrees of conformational disorder.77 Hassouneh et al. developed a theoretical model to 

describe the micellization of diblock ELP consisting of a hydrophobic block and a hydrophilic 

block.78 They proposed a phase diagram showing various structures that can be formed by 

diblock ELP (Figure 3B), including weak micelles (micelles whose corona is almost 

unstretched), strong micelles (micelles whose corona is extended) and non-spherical 

morphologies. Their theoretical predictions of critical micelle temperature, hydrodynamic radius 

and aggregation number agree reasonably well with experiment.78 

Although not so many computational studies have been conducted directly on the self-

assembly of ELPs, some studies have been conducted on the temperature-dependent 

conformational changes in ELPs. Tang et al. performed all-atom molecular dynamics 

simulations on a LG-ELP fused protein79, where LG stands for laminin globular-like domain and 

the ELP sequence is (VPGKG)2 (VPGLG)2 (VPGIG)2 (VPGKG)2. By performing the simulations 

over a range of physiological temperatures, it was found that the ELP region has a β-strand 

secondary structure between 310 K and 315 K.79 Li et al. used all-atom simulations to 

investigate the mechanism of lower critical solution temperature (LCST) transition of 

(VPGVG)18.80 They found that this peptide shows β-turn structures over the temperature range 

290–350 K and proposed that the LCST transition of (VPGVG)n polypeptide results from an 

interplay between peptide-peptide and peptide-water interactions.80 Zhao et al. also conducted 

all-atom simulations on (VPGVG)n polypeptide and found that the number of hydrogen bonds 

between peptide and water as well as the number of water molecules in the first hydration shell 

of peptide backbone show clear transitions as temperature rises for single chain, suggesting 

that the LCST transition behavior is evident at single-molecule level.81 Tarakanova et al. 

conducted extensive molecular dynamics simulations to systematically investigate the effects of 

ionic concentration, chain length and sequence chemistry on the temperature-induced structural 

transitions in (VPGXG)n polypeptide where X stands for an any amino acid except proline.82 

There have also been some studies on the effect of conjugation of ELP with collagen-like 

polypeptide (CLP) on the LCST-like transition temperature of ELP. Jayaraman and co-workers 

performed coarse-grained and all-atom simulations to probe the driving forces behind such 

effects for multiple ELP sequences.83,84 They proposed that conjugation of (VPGFG)6 peptide 

with thermally-unresponsive stiff CLP triple helix leads to a decrease in the conformational 

entropy loss for polymer aggregation and thus lowers the transition temperature.83 In a later 

study, they compared the transition temperatures of (VPGWG)4 and (VPGFG)4 peptides with 

and without conjugation to the same CLP sequence.84 They found that the increased local 

stiffness and inter-molecular interaction of the W versus F substitution contribute to the 

Page 8 of 30Soft Matter



9

differences in the transition temperature of both free-state peptides and CLP-conjugated 

peptides.84

3.2 Data-driven modeling and machine learning

In recent years, data-driven and machine learning (ML) techniques have come to play an 

increasingly important role in peptide property prediction and rational design. Kernel 

regression85, support vector machine (SVM)86 and artificial neural network 87, for example, have 

been deployed for the classification of peptides, prediction of peptide properties and design of 

novel peptide sequences that suit particular purposes. Leslie et al. proposed mismatch kernel 

based on a tree data structure to perform SVM classification of proteins for several benchmark 

tasks and demonstrated good performance.88 Lee et al. used SVM to identify and discover new 

membrane-active and antimicrobial α-helical peptides.89 Giguère et al. proposed a generic string 

kernel to perform kernel ridge regression to predict the peptide-protein binding affinity and 

demonstrated promising performance on several benchmark problems.85 Thurston and 

Ferguson trained a quantitative structure-property relation model to perform extensive screening 

over π-conjugated oligopeptides and selected promising candidates that can self-assemble into 

nanoaggregates with desired optoelectronic properties.90 Yang et al. employed doc2vec model91 

from natural language processing to embed proteins into a vector space on which they 

performed Gaussian process regression (GPR) on benchmark tasks and nonlinear 

dimensionality reduction to evaluate the performance of protein embedding.92 Shmilovich et al. 

trained variational autoencoders to embed π-conjugated peptides into a low-dimensional vector 

space over which GPRs were constructed to support Bayesian optimization discovery of new - π

conjugated peptides that can spontaneously form nanostructures with emergent optoelectronic 

properties.93 In general, ML techniques can assist the discovery of novel promising materials by 

building predictive or generative models from existing data, thus making it a powerful tool to 

complement and guide simulation and experiment in the rational design of peptides that may be 

suitable as a novel chassis materials for synthetic cells.

4. Amphiphilic polypeptide vesicle as a compartment for cell-free expression
The recent demonstration of ELP vesicles and the emerging interest in cell-free expression 

(CFE) is fueling a new frontier in synthetic cell construction. CFE is a simple, rapid, and versatile 

tool for in situ protein synthesis with no requirement for purification.94–96 It is a powerful method 

for expressing any protein-of-interest outside the cell environment by harnessing the 

transcription-translation machinery of the cell.97 This platform enables building or 
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conceptualizing a cell-like system from the bottom-up, including the incorporation of membrane 

proteins98, reconstitution of cytoskeleton99,100, and building artificial platelets.101 These previous 

studies were carried out using lipid bilayer vesicles. The enhanced robustness and functionality 

of peptide vesicles present new opportunities for CFE for operation in harsher environments or 

through a multiplexed functionality of the encapsulating membrane.

In a nutshell, a goal of synthetic cell research is to systematically build increasingly cell-like 

biomolecular systems that can sense a variety of external inputs such as small molecules, light 

or forces and respond by changing shape, synthesizing proteins, or altering internal enzymatic 

activities. In this context, it is crucial to have a robust compartment and ensure retention of the 

components inside a synthetic cell. Fatty acid and certain phospholipid vesicles generally have 

comparatively low retention efficiency of small molecule cargos than polymersomes and are 

often described as leaky because of their small membrane thickness.102 The high permeability 

of the lipid vesicles is due of the high lateral fluidity of the self-assembled low molecular weight 

(102-103 gmol-1) lipid molecules. This can be problematic where cargo transport and 

confinement of small molecules are concerned. Since polymersomes are made of amphiphilic 

polymer of larger molecular weight on the order of 103 -104 gmol-1, they have relatively thick 

membrane size compared to liposomes, resulting in high retention efficiency and low 

permeability of cargos.103,104 The other important physical properties of membrane are bending 

rigidity and stretching elasticity. Lipid vesicle membrane typically has low bending rigidity of ~20 

kBT in the fluid state, whereas polymersomes exhibit a range between 35–400 kBT depending 

on the membrane thickness. Stretching elasticity of membrane is associated with its lytic tension 

which is related to the toughness of the vesicles. Polymersomes are considered as tough 

vesicles because of their high lytic tension (20-30 mN m-1) compared to that of liposomes (5-10 

mN m-1). For more details on the physical properties on liposomes and polymersomes, readers 

are referred to the review by Rideau et al.105

Peptide vesicles fall under the amphiphilic block co-biopolymer category, and thus are 

expected to possess high retention efficiency, low permeability, and high lytic tension similar to 

polymersomes. To our knowledge, there have been no studies that have characterized physical 

properties for peptide vesicles. Interestingly, proteinosomes, a hybrid of protein and polymer 

(BSA-NH2/PNIPAAm), reported by the Mann group and the de Greef group, showed 

permeability of polysaccharides (dextran up to 40 kDa)44 and diffusion of unbound DNAs.106 

Their strategies of using protein/polymer hybrid presents an useful approach in fabrication of 

artificial tissue-like material and DNA-based communication in a population of synthetic cells.
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As a first step of validation, peptide vesicles should be able to encapsulate and synthesize 

protein using a CFE reaction. Vogele et al. demonstrated the expression of protein in ELP 

vesicles encapsulating a bacterial transcription-translation (TX-TL) system.16 They showed the 

ELP vesicle size increases when the encapsulated ELP gene is expressed using a TX-TL 

system. ELP vesicles were prepared by thin film hydration method over glass beads followed by 

rehydration. The ELP is composed of hydrophilic domain (glutamic acid) and hydrophobic 

domain (phenylalanine) (see Table 1). This is a notable example of a peptide-based 

compartment exploited as a synthetic cell model. However, the size of vesicles is in the 

hundreds of nanometer range as depicted in Figure 4A. Another study, very recently reported 

by same group, demonstrated growth of ELP vesicles by fusion in an in vitro TX-TL reaction.107 

In this study, phenylalanine was used in the hydrophobic domain and arginine and glutamine 

were used in the hydrophilic domain (see Figure 4B). Using a THF swelling method where inner 

and outer solutions were introduced after removal of organic layer, the authors succeeded in 

forming micrometer size ELP vesicles. 

5. Amphiphilic polypeptide in a protocell: An evolutionary remnant?
‘How did life begin?’108,3 This question has led to many theories and speculations and it is 

still one of the most debated topics of all time. Life is speculated to have originated with the 

basic idea of a protocell – the self-assembly of molecules into a compartment with intrinsic 

genetic information and an ability to replicate. In the 1950’s, the Miller-Urey experiments 

showed the formation of amino acids from essentially simple ingredients from early earth 

atmosphere like water, methane, ammonia and nitrogen.109,110 They found the synthesis of 

present cell membrane components such as fatty acids would be difficult from just mixing the 

simple gases in a reduced environment, supporting the notion that other forms of compartment 

likely existed before the advent of the lipid bilayer. For replication, it is postulated that protocells 

encapsulating RNAs could have started the non-enzymatic replication and catalysis which 

establishes the emergence of the RNA world.10 Given that the early earth environment 

supported synthesis of amino acids, is it conceivable that these may have assembled into 

prototypical peptide-based compartments that are more mechanically robust and relatively 

stable in extreme biochemical conditions compared to liposomes? The Schiller group has 

shown dynamic protein membrane formation using prebiotic amino acids that self-assemble 

(see Figure 5A).111 They are basically modification of ELP with different guest residues for 

providing hydrophilic and hydrophobic properties (see Table 1). Solvent injection method using 

butanol/octanol was used to create organic-in-aqueous phase droplets in which the hydrophobic 
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part of ELP arranged on the interface and excess organic solvent was removed by dialysis.112 

Protein membrane compartments generated by this process can tolerate harsh conditions such 

as pH, temperature, and salt concentration. They demonstrated the cell-mimic processes with 

protein compartments like encapsulation of (bio)molecules, membrane fusion, and in vitro TX-

TL (see Figure 5A). In this context, peptide vesicles combined with CFE systems may be more 

suitable for directed evolution experiments.

 
6. Challenges and opportunities

The emergence of peptide compartment as a synthetic cell chassis material presents 

tremendous opportunities but also poses new challenges. These materials were only 

demonstrated as a viable synthetic cell model within the past two years, meaning that detailed 

characterizations and compatibility with different compartmentalization approaches remained to 

be fully worked out. Peptide vesicles still require comprehensive testing and validation for 

encapsulation and cell-free expression efficiencies. It would also be interesting to explore the 

possibility of creating asymmetric bilayer vesicle consisting of a peptide and a lipid monolayer 

and investigate whether such membrane could allow the insertion of membrane proteins.

Although there are some distinct advantages of using a peptide compartment, there are 

some key challenges associated with conceptualizing a micron-sized peptide compartment. As 

their synthesis is concerned, the most effective and affordable method would be the 

recombinant approach where Pre-RDL can be used to generate desired polypeptides. Other 

methods are either difficult or not cost effective. For example, chemically synthesized peptides 

are relatively easy to control the side-chain modification but increasing amino acid length is a 

limitation due to synthesis cost. Researchers have fluorescently labelled polypeptides either by 

using unnatural amino acid or using a GFP-tag although the latter adds a significant size to the 

polypeptide chain.111

Giant lipid vesicles and water-in-oil droplets have been utilized in directed evolution of 

proteins using in vitro protein synthesis113,114 including membrane proteins.115–117 The steps in a 

directed evolution experiment include encapsulation of DNA library, gene recovery by breaking 

emulsion or sorting droplets/liposomes by FACS, followed by re-encapsulation of DNA for the 

next cycle.118 Selection in directed evolution often involves vigorous mixing for washing and re-

encapsulation steps, which always carry a risk of loss of molecules because of the fragile nature 

of lipid vesicles. Here, we propose ‘peptide vesicle display’ as a potential future direction for 

directed evolution study (see Figure 5B). Peptide vesicles can encapsulate different 

biomolecules such as protein, DNA, and cell-free expression components without any leakage 

through the membrane. These vesicles retain the cargo inside and are non-permeable to small 
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molecules like kanamycin as shown in Figure 5A, where kanamycin was introduced inside 

and/or outside the vesicle to inhibit the translation process. Although the porosity of peptide 

vesicles membrane is not well understood, it is expected to be less semi-permeable as 

compared to liposomes and polymersomes. Peptide vesicles are expected to be non-interfering 

with encapsulated entities and provide better handling at gene recovery step.

Recombinantly generated amphiphilic polypeptides usually self-assemble into micelles and 

do not form micron-sized vesicles on their own, unlike lipid vesicles. It requires a directed self-

assembly to make peptide vesicle. The amphiphilic diblock, triblock or multiblock co-

polypeptides could be a potential candidate for generation of the peptide compartment. Methods 

like gel-assisted GUV formation119 or microfluidics could be a potential alternative way of 

generating giant peptide vesicles. 

Molecular simulation has proven to be a valuable tool in understanding and engineering self-

assembling peptide vesicles65,67 and other structures.68,69,70,120,72–75,76 A body of simulation work 

has probed the conformational behavior of tropoelastin-derived ELPs with a particular focus on 

the LCST transition.79,81,80,82,84 In future work, we anticipate that coarse-grained molecular 

models of ELPs83,84,121 combined  with enhanced sampling and free energy calculations122–130  

present a means to directly simulate the stability and assembly of ELP peptide compartments. 

The high computational cost and vast sequence space of candidate ELPs make integrating 

these calculations with data-driven Bayesian optimization and active learning techniques 

particularly valuable in rationally traversing sequence space and focusing computational 

resources on the simulation of self-assembling ELPs with the most desirable emergent 

thermodynamic or structural properties.93,131–138 

In sum, the demonstrated fabrication of peptide-based ELP vesicles with a CFE system 

pioneered by Vogele et al.16 and Schreiber et al.111 have opened up tremendous opportunities 

for exploring biomolecular reactions in cell-sized peptide compartments. Such highly stable 

peptide compartments could provide a platform for origin of life study and highly tunable, 

multifunctional, multi-compartment systems in the field of bottom-up synthetic biology.  
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Table of acronyms

Acronym Meaning

FF Diphenylalanine

FFF Triphenylalanine

LCST Lower critical solution temperature

CLP Collagen-like polypeptide

ELP Elastin-like polypeptide

ML Machine Learning

SVM Support vector machine

GPR Gaussian process regression

RDL Recursive directional ligation

Pre-RDL Recursive directional ligation by plasmid reconstitution

CFE Cell-free expression

TX-TL Transcription-translation

PNIPAAm Poly(N-isopropylacrylamide)

THF Tetrahydrofuran

IVTT In vitro transcription-translation

Kan Kanamycin

PMBC Protein membrane-based compartments
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Figure captions

Figure 1: Naturally occurring amphiphilic proteins. (A) i) Schematic representation of giant 
vesicle formation from organic-in-water droplets. ii) Recombinant expression of oleosin mutant 
in E. coli and self-assembly of oleosin upon solvent injection. All the mutants have fixed 
hydrophobic regions while hydrophilic ends were modified. Brightfield and fluorescence images 
with red as Nile Red and green as calcein. Scale bars are 50 and 5 µm in the upper and bottom 
panels, respectively. Figures in ii) are reproduced from ref. 26 with permission from National 
Academy of Sciences, copyright 2012. (B) Self-assembly of hydrophobins in water-in-oil 
droplets and oil-in-water droplets using a microfluidic device. Reproduced from ref. 30 with 
permission from John Wiley and Sons, copyright 2016. 

Figure 2: Different polypeptide synthesis platforms. (A) General chemical method of synthesis 
of polypeptides for formation of vesicles (like polymersomes). (B) i) Schematic of recursive 
directional ligation. it is a method to increase the desired size of a protein (especially ELP) by 
doubling the length of an oligomer gene using same vector. Reproduced from ref.53 with 
permission from American Chemical Society, copyright 2010. ii) Other method of making 
proteins with repetitive sequence are concatemerization (ligating different fragments of oligomer 
gene) and overlap extension PCRs (two ssDNAs are annealed to each other through overlap 
region and extended during PCRs).

Figure 3: Molecular simulation in peptide self-assembly. (A) Computational phase diagram of 
the equilibrium structures self-assembled from palmitoyl-V3A3E3. A variety of structures can be 
formed including micelles, nanofiber, oligomers, and random coils. Reproduced from ref.70 with 
permission from American Chemical Society, copyright 2014. (B) Phase diagram of diblock ELP 
predicted by Hassouneh et al. NA and NB are the degrees of polymerization for hydrophilic and 
hydrophobic blocks, respectively. The phase diagram includes monomer (region I), weak 
micelle (region II), strong micelle (region III) and non-spherical aggregate (region IV). 
Reproduced from ref.78 with permission from American Chemical Society, copyright 2015.

Figure 4: ELP vesicle as an artificial cell model. (A) i) Glass bead-mediated vesicle formation by 
rehydrating dried ELP. The ELP here is a diblock amphiphilic polypeptide with glutamic acid as 
hydrophilic domain and phenylalanine as hydrophobic domain. ii) left, dynamic light scattering 
and transmission electron microscopy results showed the average size of ELP vesicles of 176 
nm, and cell-free protein expression of mVenus inside an ELP vesicle (right). Reproduced from 
ref.16 with permission from Springer Nature, copyright 2018. (B) i) Sequence design of 
amphiphilic ELP, using arginine and glutamine as hydrophilic domain and phenylalanine as 
hydrophobic domain. ELP giant vesicles generated by THF swelling method. ii) Schematic 
illustration of growth of ELP vesicles by fusion of vesicles containing components of 
transcription mix that eventually started the synthesis of dBroccoli RNA aptamers. Reproduced 
from ref.107 published under a Creative Commons license.

Figure 3: ELP vesicles as a protocell model. (A) i) Epifluorescence and TEM images of self-
assembly of protein membrane-based compartments (PMBCs) from diblock amphiphilic ELP-
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derivative His-mEGFP-H40I30 (left), His-mEGFP-S40I30 (right). mEGFP tag was used for 
visualization. ii) Red fluorescence image (middle) showing encapsulation of mCherry in PMBCs 
with its proper folding during self-assembly. iii) in vitro transcription-translation (IVTT) and 
membrane incorporation of mCherry-H40I30 membrane block in an assembled PMBCs from 
His-mEGFP-H40I30. Kanamycin (Kan) was used as IVTT inhibitor. Red fluorescence shows the 
IVTT of mCherry-H40I30 inside and outside (agglomerates seen) of the PMBCs in absence of 
Kan (left panel). In the middle panel, where Kan was added to the outer solution of PMBCs 
inhibiting IVTT, led to disappearance in red fluorescence agglomerates. No fluorescence 
observed in the right panel because of the inhibition of IVTT due to the presence of Kan inside 
and outside of PMBCs. iv) Fusion of BDP-K40I30 PMBCs (3 and 14 µm) recorded at 4 fps. 
Scale bars are 5 µm and 100 nm for all the epifluorescence and TEM images, respectively. 
Reproduced from ref.111 with permission from American Chemical Society, copyright 2019. (B) 
Schematic overview of the proposed concept of ‘peptide vesicle display’ showing preparation of 
gene library and its encapsulation inside peptide vesicle with cell-free expression. Sorting of 
desired fluorescence vesicles using FACS, followed by gene recovery and preparation of the 
library for next round. 
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Figure 5 
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Table 1: List of self-assembling amphiphilic polypeptides/proteins

Self-
assembled 

polypeptides

Synthesis/
origin

Sequence Guest residues Amino acid residue
(total)

Size Application Ref

Oleosins Natural.
Plant oil bodies 

(Safflower)

Wildtype: 
N-P-C

(42-87-63)

(Hydrophilic)-
(hydrophobic)-
(hydrophilic)*

192 nm - µm Drug vehicles 26

Hydrophobins Natural.
Globular proteins 
from filamentous 

fungi 

HFBI Amphiphilic* 100 30-60 µm; 
(Oil)

Drug vehicles,
food industry,

medical implant 
biocompatibility 

30

L-DOPA Chemical L-3,4-DOPA
residues, i.e. 

K60(DOPAx/Ly)20

Block co-
polypeptide 
amphiphile

K60(DOPA0.25/ L0.75)20

&
K60DOPA20

3-5 µm High stability towards 
osmotic-shock, 
organic solvent, 

media-serum proteins

41

ELP 
oligoarginine

Recombinant Natural IDP-
tropoelastin or

partially ordered 
polymers (POPs) 

Valine (V) POP(V)-25%
ELP (V4A1)#

40-50 µm Unique micro-
architecture with 
biocompatible

supramolecular 
aggregates 

58

ELP-EF Recombinant Peptidosome 
derivative of 
elastin-like 

peptide (ELP)

Diblock copolymer.
Glutamic acid (E) & 
Phenylalanine (F)

E16F16; 175-200 nm Cell-free expression 
of ELP and assembly 

in vesicle

16

(R5Q5)2 F20 Recombinant Polymersomes 
derivative of ELP

Amphiphilic; 
arginine (R) & 
glutamine (Q)

(R5Q5)2-F20 SV:
20-200 nm

GV:
1-20 µm

Controlled formation 
of peptide vesicles

98
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H40I30 Recombinant ELP vesicle from 
“prebiotic amino 

acid”

Amphiphilic 
diblock.

Histidine (H) &
Isoleucine (I)

(VPGHG)20(VPGIG)30 >10 µm Protein membrane-
based compartments 

(PMBCs) 
encapsulating 

anabolic reactions 
and catalysis. 

102

S20I30 Recombinant - Serine (S) &
isoleucine (I)

(VPGSG)20(VPGIG)30 5 µm - 102

H5L4 Recombinant - Histidine (H) &
lysine (L)

(VPGHG)5(VPGLG)4 2 µm - 102

*Natural domains (in block-polymerization) are reported to be composed through the conjugation of the polydisperse blocks with 
mixed amino acids to yield an average composition and no specific composition could be defined (ref. 26).

#POP(V)-25% (where ‘V’ designates the guest residue amino acid and 25% designates the fraction of oligoalanine) with ELP(V4A1)
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