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Abstract The origin of life attracts more and more attentions of researchers. Synthetic biologists are devoting to construct a
simple and rational system which can exist in primitive earth. Coacervate is a phase separation system which is formed by the
interactions of polyelectrolyte. It’s a rational protocell model. So far, coacervate has been found to present as membraneless
organelles in natural cells. Therefore, the construction of coacervate as artificial organelles is emerging. The formation
mechanism, characteristics and categories of coacervate are reviewed in this paper. Additionally, the applications of coacer-
vate as protocell and artificial organelles are summarized. The existing scientific problems and the future development direc-

tions are provided at the end of this paper.
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Figure 1 The formation mechanism and phase diagram of coacervates.
(a) Polycations and polyanions generate coacervates through electrostatic

interaction; (b) phase diagram about the effect of concentration, pH, tem-
perature and ionic strength on coacervates formation
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Figure 2 The effect of ionic strength, temperature and pH on the coacervates. (a) Phase diagram of (RGG-RGG) protein and salt concentration on coac-
ervates formation!*”). Copyright 2018, Springer Nature. (b) Schematic illustration of the reversible assembly and disassembly of coacervates in liposomes
with temperature changeing (top) and the corresponding fluorescence images (bottom) “*l. Copyright 2017, Wiley-VCH. (c) Brightfield micrographs of

PGlu/Ply coacervates disassembly by lowering pH %, Copyright 2014, American Chemical Society.
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Figure 3 Coacervates with one condensed phase and two coexisting
condensed phases. (a) Schematic illustration of coacervates with one
condensed phase!™; (b) Schematic illustration of coacervates with two
coexisting condensed phases™!; (c) One condensed phase coacervates
composed of PDDA and ATP; (d) Two coexisting condensed phases
coacervates composed of poly glutamic acid (PGlu)/PAH inner core
surrounded by a PGlu/PDDA shell'. Copyright 2020, American Chemi-
cal Society. https://pubs.acs.org/doi/abs/10.1021/jacs.9b11468
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Figure 4 Application of coacervates as artificial organelles. (a) Coacervates in vesicles prepared by using microfluidic technology: (al) Schematic illus-
tration of microfluidic technology, (a2) fluorescence image of (i) oil droplets and vesicles, (ii) coacervates , (iii) the overlap of (i) and (ii) “*. Copyright
2017, Wiley-VCH. (b) Schematic illustration of the formation of coacervates in vesicles by using a-hemolysin pore (top) and time-lapse fluorescence im-
ages (bottom) "), Copyright 2019, Springer Nature. (c) Schematic showing that changing the pH to form coacervates reversibly in the vesicles (top) and
the corresponding fluorescence images (bottom) ''®. Copyright 2020, Wiley-VCH. (d) Schematic of the formation of coacervates in proteinosomes (top)
and fluorescence images: (i, ii) coacervates are adsorbed on the proteinosomes membrane, (iii, iv) coacervates are free in the proteinosomes !''?. Copyright
2019, Wiley-VCH. (e) Optically-regulated protein coacervates formed in a single yeast cell *). Copyright 2020, American Chemical Society.
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Figure 5 Individual functions of coacervates artificial cells. (a) Catalytic cleavage of ribozymes on substrates: (al) the sequence of hammerhead ribo-
zyme, (a2) Wide-field optical microscopy images of coacervates (left). Fluorescence microscopy images at t=0 min (middle) and =900 min (right) show
an increase in FAM fluorescence (see inset) "'*”). Copyright 2018, Springer Nature. (b) Optical microscopy images showing coacervates and recorded 1 h
(left) and 16 h (right) after storage in the collection chamber. Insets shows corresponding fluorescence images of mCherry expression in single
coacervate!'?'!. Copyright 2015, Royal Society of Chemistry. (c) Scheme showing the preparation of photosynthetically active membrane-free coacervates
containing chloroplasts (top), Confocal fluorescence microscopy images showing coacervates after mixing with a dispersion of intact chloroplasts
(bottom) 1. Copyright 2018, Royal Society of Chemistry. (d) Schematic illustration of copolymer assembly on the surface of the coacervates to form a
film (left) and fluorescence images (right): the inset is the schematic of a bespoke terpolymer'®”). Copyright 2017, American Chemical Society.
https://pubs.acs.org/doi/full/10.1021/jacs.7b10846. Copyright 2019, American Chemical Society. https://pubs.acs.org/doi/10.1021/acscentsci.9b00345. (e)
Schematic illustration of the assembly of phospholipid vesicles on the surface of the coacervates or phospholipid vesicles destroy the coacervates (top) and
fluorescence images: (i) the vesicles destroy the coacervates, (ii) the vesicles form a membrane on the surface of the coacervates "%\, Copyright 2019,
American Chemical Society.
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Figure 6 Collective behaviors of coacervates. (a) Microscope images of coacervate-based artificial cells under different electric fields!®”. Copyright
2016, Springer Nature. (b) Acoustic patterning of coacervates micro-droplet arrays (left) and the fluorescence microscopy image of transferring of enzyme
molecules in the array (right) %7, Copyright 2018, Springer Nature. (c) Schematic showing synergistic and antagonistic behaviour in synthetic host-guest
artificial cells!"*’). Copyright 2016, Springer Nature.
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Table 2  Applications of coacervates in the field of artificial cells
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