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RECENT DEVELOPMENTS AND NEW FRONTIERS IN COMPLEX 

COACERVATE-BASED MATERIALS FOR BIOMEDICINE 

 

 PREFACE  

Complex coacervation [formation of a dense macroion-rich phase (the coacervate) in 

equilibrium with a dilute macroion-poor phase (continuous phase or supernatant)] is a 

particular case of associative phase separation that occurs when oppositely charged 

macroions (or polyelectrolytes) are mixed. Since the pioneering work of Bungenberg 

de Jong and co-workers on gelatin–acacia gum complex coacervation in the 1920–

40s, coacervates have received increasing research interest because a variety of 

mature and emerging technologies depend critically on the association of oppositely 

charged polymers or particles. Such association could involve charge complexation in 

solution. Unfortunately the theoretical underpinnings of complex coacervation are 

widely misunderstood and conceptual mistakes have propagated in the literature. As 

coacervate complex formation is a well-known and widely used, but little understood, 

phenomenon in physical polymer science, this paper represents an attempt to give a 

concise and comprehensive overview on the main research streams followed in this 

field regarding the parameters influencing the formation of complex coacervates 

encompassing various technological aspects enabling the investigation of complexes 

coacervates in industrial applications. Finally, a critical evaluation of perspectives and 

future challenges related to the further advancement and development of next 

generation materials are proposed and insights into the outlook of the field are 

explored.  

 

Dr. Partha Sarathi Roy 
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1. INTRODUCTION 
Charged soft matter is ubiquitous in both the 

synthetic and natural worlds, where the presence 

of electrostatic interactions serves as a way to 

imbue systems with the ability to respond to 

stimuli and enrich the possibilities for self-

assembly. In fact, charge-driven assemblies have 

been historically invoked in origin of life 

theories. In this review, we consider a class of 

charged materials —complex coacervates—that 

has emerged over the past few decades as 

particularly versatile. A SCOPUS exploration for 

―complex coacervation‖ divulged 140 papers 

before 2000 that jumped to 661 papers between 

2000 and 2015, showcasing the renewed interest 

in this area.  Biopolymer mixtures in aqueous 

solution are generally characterized by a 

thermodynamic instability that results 

macroscopically in a phase separation. The term 

coacervation derives from the Latin verb 

‗‗coacervare‘‘, meaning ‗‗to crowd together, to 

pile up‘‘. In 1929, de Jong reported the 

separation of gum arabic (a carbohydrate 

polyanion) and gelatin (a polycation below pH 

4.8) solutions into polymer-rich and -poor liquid 

phases upon mixing, a phenomenon they named 

―complex coacervation‖.
[1]

 Complex 

coacervation (i.e., a spontaneous liquid/liquid 

phase separation) is a particular case of 

associative phase separation, that occurs when 

oppositely charged macroions (or 

polyelectrolytes) are mixed. The process of  

coacervation leads to the formation of a dense 

macroion-rich phase (the coacervate) in 

equilibrium with a dilute macroion-poor phase 

(continuous phase or supernatant).
[2-4]

 The 

widespread relevance of coacervates has led to a 

recent surge of research over the past decade, 

which has led to new fundamental scientific 

concepts, next-generation functional (bio) 

materials, and has set the stage for a new wave of 

modern materials that is pushing the boundaries 

of polymer physics and chemistry. 

 

The literature on complex coacervation is 

daunting because of its size, breadth of discipline 

(spanning physical chemistry, bio-chemistry, 

colloid science, chemical, biological, biomedical, 

and materials engineering, among others), and 

engagement of both natural and synthetic 

polymers in a myriad of combinations with other 

charged and uncharged components. While not 

aiming at an exhaustive coverage of the field, in 

this review, we restrict our discussion in 

describing and contextualizing the recent 

advances in the science and engineering of 

polymer-polymer complex coacervates, outlining 

(i) the need for this flurry of research, (ii) what 
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the soft matter community has accomplished, 

and (iii) some of the exciting directions enabled 

by this research. A critical evaluation of 

challenges affecting the development of next 

generation materials is also discussed, and 

insights into the outlook of the field are 

explored. 

 

2. WHAT ARE COMPLEX 

COACERVATES? 
The word ―coacervation‖ was introduced by the 

pioneering work of Bungenberg de Jong and 

Kruyt
[1] 

and derives from the Latin ―acervus‖, 

which means aggregation (a heap), and the prefix 

―co‖ (together) to signify the preceding union of 

the colloidal particles. This process was initially 

reported by Tiebackx in 1911 without using the 

word;
[5]

 he found that the addition of an acid to a 

mixed solution of Arabic gum and gelatin results 

in phase separation. It was almost two decades 

later that the term ―coacervation‖ was coined by 

Bungenberg de Jong and Kruyt, who studied the 

phase behavior of several binary mixtures by 

optical microscopy. IUPAC defines coacervation 

as the separation into two liquid phases in 

colloidal systems (the phase more concentrated 

in colloid component is the coacervate, and the 

other phase is the equilibrium solution).
[6]   

H. G. 

Bungenberg de Jong, one of the early leaders in 

colloid chemistry at Utrecht University in The 

Netherlands, defined and described the 

phenomenology of complex coacervation in 

several superb chapters in a book, Colloid 

Science II, edited by H.R. Kruyt,
[7] 

written over 

several years and finally published in 1949. 

According to Bungenberg de Jong and Kruyt
[7,8]

 

(Figure 1) two types of coacervation are 

observed: (i) simple and (ii) complex. In simple 

coacervation, phase separation is induced by the 

addition of incompatible, and poor solvents (like 

acetone, alcohols etc.) to the aqueous polymer 

solution, while complex coacervation is 

commonly described as a phase separation of 

polymer-poor supernatant phase and a dense, 

polymer-rich coacervate phase which results 

from the association / electrostatic interactions
[9] 

between oppositely charged macro-ions when 

such associates approach electroneutrality.
[10-13] 

 

 
Figure 1: Schematic representation of the mechanism of phase separation by coacervation. (a) 

particle with a ―diffuse solvate mantle‖ (dotted periphery), (b) particle with a ―concrete solvate 

mantle‖, (c) fusion of the particles to a coacervate with their ―concrete solvate mantle‖. This 

figure was reproduced from ref. 7. Copyright 1949, Elsevier. 

 

The principal requirements for such behavior 

appear to be the formation of soluble complexes 

with near-neutral charge and 

noncomplementarity between macroions, 

including gelatins of different isoelectric 

points,
[14-16] 

proteins with either synthetic
[17-18] 

or 

natural polyelectrolytes (PEs),
[19-20] 

PEs with 

dendrimers
[21] 

and PEs with oppositely charged 

surfactant micelles.
[22] 

If ion- pairing is too 

efficient, precipitation will occur. An advantage 

of the system consisting of PEs with oppositely 

charged surfactant micelles is that micelle 

surface charge density (σ, C nm-2) can be varied 

continuously in a given sample via Ph
[23]

 

or 

mixed surfactant stoichiometry.
[24,25] 

Tuning σ 

allows construction of phase boundaries, which 

describe the formation of soluble complexes and 

coacervates at values of σ that depend on key 

electrostatic variables, that is, ionic strength, I, 

and polyelectrolyte linear charge density, ξ. The 

observed interdependence of σc, I, and ξ 

facilitate comparison of experiment with theories 

of polyelectrolyte-colloid interaction
[26,27] 

and 

intermacroion condensation.
[28,29]

 

 

Coacervation is considered to be an eco-friendly 

process as it usually takes place in water and 

under relatively mild conditions of pH and 

temperature. Additionally, it is also a cost- 

effective technique since neither a special device 

nor extensive production steps are required. The 

obtained structures induced by demixing are 

considered to be among the more intriguing 

systems in colloid chemistry.
[30-32]

 

 

Theoretical treatment of complex coacervation of 

solutions of biocolloids and of synthetic 

polyelectrolytes followed shortly
[33] 

after 

Bungenberg de Jong‘s pioneering studies.
[8] 

These early approaches and extensions coupled 

Flory-Huggins theory with an additive Debye-

Huckel electrostatic term, implicitly assuming 
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that the macroions could be treated as well-

separated, high- valence, pointlike particles. 

Such an assumption is clearly invalid in the 

coacervate phase, which is locally of high 

polymer concentration beyond c
*
. The earliest 

theories of complex coacervation, notably that 

due to Voorn and Overbeek,
[33-35]

 attempted to 

augment the veritable Flory-Huggins description 

of polymer solution thermodynamics with a term 

to account for the screened electrostatic 

interactions among polyions, and following 

theoretical models were developed by Veis et 

al.,
[36]

 Nakajima and Sato,
[37] 

and Tainaka.
[38]

 The 

Veis-Aranyi theory
[39] described the complex 

coacervation in gelatin systems as a two-step 

phase separation. Charged molecules interact 

first through electrostatic interactions and then 

aggregate. The neo- formed aggregates 

(identified later as soluble intrapolymeric 

complexes) slowly rearrange in time to form 

droplets called coacervate. This theory was 

subsequently confirmed and completed by an 

intermediate step. The primary soluble 

complexes interact to form electrostatically 

neutral interpolymeric complexes. These 

insoluble complexes ultimately form 

coacervates, which coarsen with time and 

sediment to form the so-called coacervated 

phase. 

 

A more modern approach, based on the random 

phase approximation (RPA), accounts for the 

extended nature of polyelectrolytes and the 

coupling between conformational and 

electrostatic degrees of freedom in a mixed 

polyelectrolyte solution.
[40-42] 

These theories are, 

however, restricted to weakly charged 

polyelectrolytes at modest salt concentrations 

where local details of ion size and hydration are 

relatively unimportant. Similar approaches have 

been used to study pH effects on charged 

colloids.
[43] 

Most recently, ―field- theoretic‖ 

simulations have been used to examine the 

conditions under which oppositely charged 

polymers produce complex coacervates.
[44,45]

 

 

3. COMPLEX COACERVATION AT THE 

ORIGIN OF LIFE: COMPLEX 

COACERVATE AS PROTOCELLS & 

MEMBRANELESS ORGANELLES 

The importance of their exotic character attracted 

scientists even beyond the field of colloidal 

chemistry like A.I. Oparin, a Russian biologist, 

who cited de Jong‘s work, mentioned the 

similarity to proto-cells and coacervates, 

proposed that life on Earth first formed in 

coacervate droplets,
[46]

 and some recent studies 

are heading towards the same direction.
[47-51] 

He 

summarized his ideas in a famous book entitled 

The Origin of Life. The central argument of this 

book was that life might have originated inside 

coacervates containing myriad different organic 

molecules. Oparin observed that coacervates, 

intended as small droplets of high concentrations 

of organic molecules, often form autonomously 

even in dilute solutions. He therefore suggested 

that coacervation could have been the 

mechanism through which a fluid phase would 

separate in the ‗primordial soup‘.  Over the next 

few decades, Oparin and co-workers 

demonstrated chemical enrichment within the 

droplets, in-situ enzymatic reactions, and droplet 

growth and fission reminiscent of cellular life.
[52] 

This ‗metabolism-first‘ approach, however, 

provided no clear connection to genetic 

evolution and information propagation via 

nucleic acids that would have been a key step at 

the onset of life. Their experiments also 

presumed the existence of large macromolecules 

and polymers that are unlikely to have existed in 

a prebiotic environment. 

 

In order for coacervates to be viable protocells, 

with the ability to sustain both chemical and 

genetic evolution, they must be able to form 

from small molecular weight molecules, 

particularly nucleotides and their activated 

derivatives. This was first demonstrated in 2011 

by Koga et al.,
[47] 

who showed that coacervate 

microdroplets could be formed from nucleoside 

triphosphates (ATP), diphosphates (ADP, FAD, 

NAD), and monophosphates (AMP) when mixed 

with short (2–10 amino acid (aa)) lysine 

polypeptides (OLys) that might plausibly be 

produced by prebiotic processes.
[53-54]

 This study 

showed that phase separation of small molecular 

weight ions has many similarities to 

complexation of larger polyelectrolytes. The 

dependence on electrostatic interactions, for 

example, is shown by the increase of the critical 

concentration required for coacervation (CCC) 

with decreasing negative charge from 

ATP>ADP>AMP. In addition, they found that 

increasing the molecular weight of 

Poly(diallyldimethylammonium)(Poly(DADMA

C)) from 150 to 275 kDa increased charge 

neutralization(with ATP) from 70 to 90%, These 

results suggest that increased hydrophobicity, 

decreased solubility and increased orientational 

freedom from longer polymer chains all 

contribute to increasing charge neutralization at 

the CCC. 

 

Analogous to membraneless organelles, complex 

coacervates are water droplets dispersed in water 

and formed by spontaneous liquid–liquid phase 

separation (LLPS) of an aqueous solution of two 

oppositely charged polyelectrolytes to form a 

dense polyelectrolyte-rich phase (coacervate) 

and a more dilute solution (Figure 2).
[55-57]
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Figure 2: (a) Schematic illustration of the formation of coacervates via mixing pol- ycations and 

polyanions. (b) An example of coacervates formed from poly-L-lysine and RNA. The right panel 

shows the as-formed coacervates labeled by fluorescein isothiocyanate. This figure was 

reproduced from Deng, N.- N. Complex coacervates as artificial membraneless organelles and 

protocells. Biomicrofluidics, 14 (5), 051301 (1-6),
[58] 

Copyright 2020, with the permission of AIP 

Publishing. 
 

The term membrane-free or membraneless 

organelles (MLOs) refers to a wide variety of 

subcellular bodies that lack a lipid boundary, 

with sizes in the order of 0.01–10μm.
[59,62]

 

Examples include nucleoli, Cajal bodies and 

paraspeckles in the nucleus, and processing 

bodies and stress granules in the cytoplasm. Like 

the synthetic coacervates these MLOs are 

dynamic but appear to have significant 

involvement in essential cellular processes such 

as replication, signaling, stress response, and 

disease. Many of those bodies share other 

distinctive features: they are spherical, deform in 

flow and show wetting, dripping, and fusion. 

These are all characteristics of liquids, and 

increasing evidence suggests that many MLOs 

are, in essence, liquid droplets dispersed in the 

cytoplasm or nucleoplasm and formed through 

LLPS, although some are also reported to be gel-

like solids.
[63] 

 

From a physicochemical point of view, one of 

the most relevant aspects to mimic of MLOs are 

the material properties (Figure 3), which affect 

not only the deformability and wetting behavior 

but also the uptake of client molecules by 

partitioning and catalytic properties. As 

coacervates and MLOs are both typically formed 

by phase separation of macromolecules in 

solution, driven by the same types of underlying 

interactions, it is not surprising that many 

material properties are very similar, or at least 

have a similar range. 

 

 
Figure 3: An overview of some relevant physicochemical properties of MLOs versus coacervates, 

highlighting the parameters: time of coalescence (τ), relative permittivity (εr), interfacial tension 

(γ), viscosity (η), and ‗density‘ (ρ). The similarity in permeability (indicated as mesh) and the 

higher charge screening of coacervates compared to MLOs (greater number of grey spheres 
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representing ion pairs) is also indicated. This is in contrast to the more variable interaction 

mechanisms (π-π, cation- π, and charge–charge) that occur within the more chemically complex 

MLOs (left box). This figure was reproduced from Yewdall, N. A; André, A. A. M; Lu, T; 

Spruijt, E. Coacervates as models of membraneless organelles. Curr. Opin. Colloid  Interface Sci., 

52, 101416 (1-14), 
64

 Copyright 2021, with the permission of Elsevier Ltd. 

 

A glance in the hierarchical organization yields 

numerous similarities between MLO formation 

in cells and coacervate formation in vitro (Figure 

4). 

 

 
Figure 4: Hierarchical organization in MLOs and coacervates. A schematic illustration of three 

experimentally observed hierarchical arrangements highlighting the relative magnitude of the 

interfacial tension (γ), relative permittivity (εr), and density (ρ) (a).
[64]

 The parameter α is a 

measure for the relative size of the domains.
[65]

 Various examples of hierarchical organization in 

MLOs: the nucleolus (b–c), paraspeckles (d), Cajal bodies (e). By contrast, many MLOs also 

remain separated (f). Efforts to mimic these structures in coacervates have used a variety of 

electrolytes. These examples include ssDNA(red)/PLys(Me)
3 core coacervates in a ssDNA/GFP-

K
72 (green) outer coacervate phase (g); nested multiphase organization in the 2xRRASL peptide 

(green)/Prot (red)/pGlu (blue) coacervate system (h), and the pLys (green)/Q-dextran (orange)/ss-

oligo system (i); nested triple coacervates with an ATP/PAH inner core, surrounded by a 

PSPMA/PDDA shell in a PAA/PDDA outer coacervate phase (j); multiphase coacervates with 

double cores, some appearing partially wetted, observed with PAH, Prot, 2xRRASL, PAA, pGlu, 

and polyU (k); and partial wetting and lens-shaped domains observed in a pLys (red)/pAsp 

(green)/polyU coacervate system (l). Nonstandard abbreviations include protamine sulfate (Prot), 

poly-uridylic acid (polyU), poly-L-glutamic acid (pGlu). This figure was reproduced from 

Yewdall, N. A; André, A. A. M; Lu, T; Spruijt, E. Coacervates as models of membraneless 

organelles. Curr. Opin. Colloid  Interface Sci., 52, 101416 (1-14),
[64]

 Copyright 2021, with the 

permission of Elsevier Ltd. 

 

Cells differ, however, in using active processes 

to achieve dynamic control over MLO assembly 

and disassembly.
[66]

 To understand these control 

mechanisms, we first consider the framework of 

liquid phase separation that underlies formation 

of coacervates and many MLOs. The 

condensation of chain-like macromolecules, such 

as intrinsically disordered proteins (IDPs), into a 

dense liquid phase in vitro is usually described 

by a mean-field Flory-Huggins theory.
[63]

 

    (1) 

where F is the free energy, φ is the volume 
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fraction, N is the chain length, and Fint is the 

interaction free energy. For simple coacervation, 

Fint is expressed using an effective 

macromolecule- solvent interaction parameter χ: 

Fint = χφ (1 − φ). For complex coacervation of 

polymers with an identical length and charge 

density (σ), Fint can be expressed by a Debye-

Hückel approximation using an electrostatic 

interaction constant α: Fint = α (σφ)3/2. 

 

When the interactions are sufficiently strong 

(large, negative χ, large α, or large σ), a first-

order phase transition is predicted, resulting in 

two coexisting liquid phases: a dense 

(coacervate) phase and a dilute phase. The width 

of the two-phase region is set by the relative 

interaction strength (χ or ασ3/2), which is in 

general a function of temperature, pH, salt 

concentration, and the chemical groups in the 

macromolecules.
[63]

 

 

4. THEORETICAL MODELS 

4.1. Voorn-Overbeek theory: The Classical 

Theory of Coacervation.  The earliest theory of 

complex coacervation, known as the Voorn-

Overbeek (VO) theory,
[33-35,67,68]

 established the 

prevailing conceptual understanding of the 

phenomenon; here, the translational entropy of 

the charged species competes with the 

electrostatic attraction be- tween the same 

species. The VO model was specifically for two 

oppositely charged polyelectrolytes — a 

polycation and a polyanion — and combined the 

Flory-Huggins theory of mixing for polymer 

solutions
[69] 

with the Debye-Hückel theory of 

dilute electrolytes.
 [64,65] This results in the 

following expression for the mixing free energy 

FVO.
[33-35,67,68]

 

 (2) 

 

The first term on the right-hand side is the 

mixing entropy for each species i (including 

polyelectrolytes, small-molecule salt ions, and 

solvent) with volume fraction φi and degree of 

polymerization Ni that drives the system towards 

miscibility. The second term is a Debye-Hückel 

free energy that is the correlation- induced 

attraction between oppositely charged 

electrolytes.
[70,71] Here, the proportionality 

between the number density and volume fraction 

of charges is given by the factor σi. The strength 

of the electrostatic energy is given by the 

quantity α = λB/2a; a is the radius of the charged 

of species and λB = e
2
/4πεkBT is the Bjerrum 

length, which is distance over which the electro- 

static energy is larger than the thermal energy kB 

T. This contribution thus formally considers the 

attraction between a small, molecular charge and 

the average distribution of the surrounding 

oppositely charged species. The original theory 

only considered these first two terms, however 

the third term in Equation 1 is often included,
 [72-

74] which captures the short-range interactions 

included in the Flory χ-parameter between each 

pair of species i and j.
[69]

 

 

This model makes predictions for the phase 

behavior of poly- electrolyte complex 

coacervation, with phase separation being 

observed at low salt and polymer 

concentrations.
[67,68] In its original 

manifestation,
[67,68] and in all but a few 

subsequent studies,
[75-78] a major simplification is 

made that the polyanion and polycation species 

are symmetric, and can thus be considered a 

single component. The same simplification is 

also made for the anion and cation in the added 

salt, resulting in an effective 3-component 

system (polyelectrolytes, salt ions, water). The 

original salt concentration vs. polymer 

concentration phase diagram for complex 

coacervation predicted by Overbeek and Voorn 

(Figure 5) is analogous to the standard solvent- 

polymer phase diagram from Flory-Huggins,
 [69] 

except the ordinate axis plots the salt 

concentration rather than the temperature. This 

correspondence is physically appealing, in that it 

highlights the role of added salt as a way to 

weaken the driving force for phase separation in 

the same way that temperature does for standard 

χ-driven phase separation. 
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Figure 5. Voorn Overbeek. Original salt concentration vs. polymer concentration phase diagram 

for complex coacervation predicted by Overbeek and Voorn. Point C denotes the critical point, 

with the line to M indicating the center of the tie lines. The line from the origin to E indicates 

conditions where the salt concentration is entirely composed of the polyelectrolyte counterions. 

This figure was reproduced from Overbeek, J. T. G.; Voorn, M. J. Phase Separation in 

Polyelectrolyte Solutions, Theory of Complex Coacervation. J. Cell. Comp. Physiol., 49 (S1), 7-

26,
[79] 

Copyright 1957, with the permission from John Wiley and Sons, Ltd. 

 

A key difference between the predictions of VO 

and Flory-Huggins is that, while in the latter the 

two phases are in thermal equilibrium, the 

former has two phases in chemical equilibrium. 

This leads to a subtle difference in the phase 

diagram, with the two coexisting phases in 

Flory-Huggins being at the same temperature (so 

that tie-lines denoting this co- existence are 

horizontal),
[69] while the two coexisting phases in 

VO are at different concentrations. This leads to 

tie lines connecting coexisting points in the 

phase diagram being non-horizontal.
[67,68,80,84]

 

Indeed, VO predicts a positive slope for these tie 

lines,
[67,68] because the driving force for phase 

separation is the favorable electrostatic attraction 

between the positive and negative species, the 

small molecule salt ions preferentially partitions 

into the charge-dense coacervate phase. 

 

The VO expression for the electro-static 

contribution to the free energy density, Fel, was 

inspired by the Debye- H ckel theory for dilute 

simple (small ion) electrolyte solutions, but fails 

to correctly describe free energy density for 

complex coacervates in any concentration 

regime. The VO model is based on a picture 

where all the bound polymer ions, of 

concentration   σ, are detached from the 

polymers and their electrostatic correlation 

energy is computed using the Debye - H ckel 

theory.  The VO model neglects finite ion sizes, 

chain connectivity, and the highly correlated 

nature of opposite charges at short length scales 

present in a complex coacervate, including ―ion-

pair‖(IP) and ―counterion condensation‖(CC), 

and thus much of the chemistry specificity of the 

components involved cannot be accommodated. 

Furthermore, charge densities of either PE chain 

type remain constant in the VO model, thus 

neglecting the charge regulation effects induced 

by the local environment especially in weakly 

dissociating PEs. Obviously the fact that the 

charges are bound to the polyelectrolyte 

backbones is an essential piece of physics that 

cannot be ignored. It is surprising that this major 

deficiency in the VO theory has not been 

appreciated by the colloid and polymer science 

communities and continues to be applied in the 

modern literature. Recent literatures argue that 

although the VO theory makes strong errors in 

structure and charge aggregation, this is 

somewhat compensated by excluded-volume 

effects in some limits. In spite of its conceptual 

and quantitative inadequacies, the VO theory 

continues to be widely applied in both 

experimental and theoretical studies, including 

very recent publications.
[73,85-87]

 Our opinion 

however, is that the VO theory is entirely 

unsatisfactory, both from a conceptual and from 

a quantitative standpoint. 

 

4.2. ‗Beyond VO‘ Observations in 

Coacervation: Extensions to VO model and 

modern developments in theory of complex 

coacervation. Perhaps the most persistent yet 

subtle challenge of coacervation is that it is 

indeed possible to fit simple phase-behavior 

representations to most candidate theories, 
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including VO. This is best exemplified by the 

work of Spruijt et al., which used VO theory 

combined with a Flory-χ parameter to 

parameterize a number of experimental phase 

diagrams;
[73] 

successful matching of VO theory 

to experimental interfacial tension measurements 

likewise show how challenging it is to determine 

that a theory is physically meaningful.
[88]

 

In an 

effort to refine the theoretical picture of 

coacervation, it is thus important to highlight the 

situations in which VO breaks down 

experimentally, which must be explained by 

successful theories. 

1. Salt partitioning. Inspired by simulation 

and theory efforts
[89-92] discussed in detail 

later in this review, experiments have 

recently found that most coacervation-driven 

phase separations exhibit a higher salt 

concentration in the supernatant phase than 

the coacervate phase.
[89,93-95]

 This is opposite 

of what VO predicts.
[33,79]   

2. Entropy versus enthalpy of coacervation. 

Thermodynamic characterization of 

coacervation has demonstrated that mixing 

of the two oppositely charged polymers is 

highly entropic, while typically having only 

minor enthalpic contributions to the overall 

coacervation process.
[96-100] This contrasts 

with VO theory, which considers 

coacervation to be an enthalpic process 

driven by the increased electrostatic 

attraction between the charged 

components.
[33,79]   

3. Molecular or physical justification for 

fitting parameters. Previous efforts to 

match VO to experiment have been 

transparent about the fitting parameters 

used,
[73] 

however it is unclear that the 

parameters themselves are physically 

reasonable for the polymers considered. 

While quantitative, a priori prediction of 

model parameters is not generally a 

reasonable expectation for simplified 

theoretical models. Knowledge of the 

underlying polymer chemistry should be 

qualitatively consistent with the 

interpretation of the parameters used in the 

model. 

 

These experimental observations have, in part, 

spurred the further development of coacervate 

theory and thermodynamic study. However, as 

the candidate theories have proliferated, there 

has been a concomitant effort from the 

experimental side to develop more ways to test 

and probe the regimes of validity for 

coacervation models, and to decide for a given 

system the most appropriate physical 

explanations of coacervation. 

 

Chain connectivity effects missing in the VO 

model have been addressed utilizing the random 

phase approximation (RPA) for ideal chains, the 

accuracy of which is limited to weak and long-

ranged fluctuations and low charge densities. 

Chain connectivity has been recently evaluated 

explicitly at the Gaussian level in the high wave 

vector limit and shown to alter the long-ranged 

electrostatics dramatically at low salt
[101] 

compared to Debye−H ckel (DH) expression 

derived for simple salts, but CC, IP, and charge 

regulation were not considered in this work. The 

short-range electrostatic correlations can be 

described by treating CC as a reversible chemical 

reaction. This has been done both for CC in 

single-PE solutions
[102,103]

 and for IP in 

oppositely charged PE mixtures.
[42,104,105]

 We 

note that in their model Jha et al. accounted for 

the size mismatch between components as well 

as the salt-induced ionization of PEs.
[106] 

They 

did so by using experimentally obtained acidity 

constants pKA‘s treated as explicit functions of 

salinity. They, however, did not consider CC or 

IP. 

 

4.3. ―Veis‖ Symmetrical Aggregate Model  . 

In the VO theory
[67, 107]

 the spontaneous 

formation of a concentrated coacervate phase is 

driven by a gain in electrostatic free energy at the 

expense of a decrease in mixing entropy. This 

model assumes (i) negligible solvent–solute 

interactions, (ii) the absence of site-specific 

interactions, and (iii) the absence of soluble 

complexes.
[68] 

Since previous studies on the 

polyelectrolyte-micelle systems show the 

existence of the soluble complexes and soluble 

aggregates thereof, we turn to the model of Veis 

et al.
[39]

 who described the complex coacervation 

in gelatin systems as a two-step phase separation 

and modified the VO equations for complex 

coacervation and concluded that this occurs in 

two steps: (i) interaction of oppositely charged 

polyelectrolytes by electrostatic interaction to 

form complexes (referred to as ―aggregates‖, a 

term we reserve for soluble species with more 

than two macroions) of low configurational 

entropy, and (ii) re-arrangement of these 

complexes to form coacervate in equilibrium 

with the dilute phase (Figure 6). 

 

If bulk stoichiometry does not coincide with 

local charge neutrality, the macroion in excess 

can remain in the dilute phase, and this 

―segregation‖ to attain complex neutrality can be 

amplified by system compositional 

polydispersity. This rearrangement might 

decrease chain entropy (chains are more ordered 

in coacervate than in one-phase), increase chain 

entropy (chains more disordered in coacervate), 

or have no effect on chain entropy, Veis 
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proposes the second case. Accordingly, while 1:1 

soluble complexes can only approach neutrality 

given some sort of symmetry with respect to 

chain length and charge density, more options 

exist for large multipolymer complex with 

adjustable stoichiometry (i.e. soluble aggregate) 

particularly in polydisperse systems. In this way, 

more macroions can be incorporated into the 

coacervate. In Veis' description of ―random‖ 

coacervates, all trace of such multipolymer 

complexes should disappear via random mixing. 

 

More recently, Veis considered the presence of 

symmetrical aggregates that might differ in chain 

length, or excess charge density. The mixtures of 

the polyions at non-equivalent concentrations led 

to models, where aggregates were present in both 

equilibrium liquid and coacervate phases: (1) 

polyion electrostatic equivalence was required in 

the concentrated phase, excess polyion remained 

in the dilute equilibrium liquid;
[108]

 (2) in pauci-

disperse mixtures the coacervate phase was 

partitioned into coexisting separate phases; (3) 

molecular weight determinations showed that the 

coacervate phases showed selection by molecular 

weight or charge density;
[36]

 and (4) in 

heterogeneous chain length polyion mixtures, the 

requirement for electrostatic neutrality leads to 

larger aggregates and at higher mixing 

concentrations reduces the  intensity of 

coacervation so that the entire mixture remains 

as a single phase. A schematic illustration of the 

various options is provided in Figure 6. 

 

 
Figure 6: Four possible models for the molecular conformation or aggregated states. A. The 

Voorn–Overbeek random chain model. B. The initial Veis–Aranyi model — not supported by 

data showing aggregates in the dilute phase C and D. The two possibilities for the Veis–Gates 

models. The dilute phase in both cases contains symmetrical aggregates, plus any excess of one 

polyion or the other. Panels C and D differ in the presence or absence of possible paired 

aggregates in the coacervate phases. The data appear to support model D the best, based on the 

fractionation data. This figure was reproduced from Veis, A. A review of the early development 

of the thermodynamics of the complex coacervation phase separation. Adv. Colloid and Interface 

Sci., 167 (1-2), 2–11,
[109]

 Copyright 2011, with the permission of Elsevier Ltd. 

 

The dilute phase, with stoichiometry more biased 

toward the macroion in excess, may still be 

susceptible to further coacervation if an intensive 

variable such as pH or ionic strength provides an 

additional impetus for coacervation. Progressive 

depletion of dilute phase macroions in this way 

may be analogous to MW fractionation of 

polydisperse polymers by reduction in solvent 

affinity via e.g. temperature. In the Veis model, 

the ionic strength is considered primarily as a 

determinant of complex stability (tendency to 

resist dissociation), while the enhancement of 

coacervation by temperature arises from the 

positive entropy of chain mixing in coacervation. 

The absence of counterions in the Veis model 

probably neglects an important contribution to 

the entropy of coacervation. 
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5. WHAT ARE THE FORCES DRIVING 

COACERVATE FORMATION? 
In addition to polymer chemistry, the onset of 

complex coacervation can be modulated by 

tuning physical−chemical parameters such as 

ionic strength, temperature, pH, charge density, 

molecular weight, and weight ratio of the two 

interacting PEs.
[110-112]

 

 

Charge neutralization, which plays a central role 

in coacervation, refers both to bulk charge 

stoichiometry of the macroions and to 

microscopic stoichiometry of the spontaneously 

formed intermacroion complexes. At the 

macroscopic level, we define the bulk charge 

stoichiometry as X = [+]/[-], where [+] and [-] 

are the concentrations of uncompensated charges 

on the added macroions (polyelectrolytes, 

micelles, particles,  etc.) in the mixture. At the 

microscopic or mesoscopic scale, we define a 

charge stoichiometry coming from the 

intermacroion complexes: (x = Z+ /Z-), where 

this ratio depends on the contents of the 

complexes themselves, not including 

accompanying counterions. Although X and x 

are precisely equal only in the absence of free 

macroions, their proximity is attested to by 

maximal phase separation when the former is 

near unity. This condition, and hence, the two-

phase state, can be approached by changing the 

weight mixing ratio or by altering the molecular 

charge of one macroion, most commonly by pH 

adjustment (The effect of pH on the 

stoichiometry of complex coacervation in a 

chitosan (Ch)-gum Odina (GO) system can 

clearly be observed in Figure 7), or by increasing 

the inter- macroion binding affinity; for example, 

by reduction of ionic strength.
[6,113,114] 

 

 

 

Figure 7: (a) Milliequivalent (mEq) of NaOH per 10 g of gum Odina; (b) mEq of NaOH per 2 g of 

chitosan (note that both 10 wt % gum Odina and 2 wt % chitosan stock solutions had 0.25 mEq 

NaOH); (c) mEq ratios of gum Odina (GO)−chitosan (Ch) as a function of initial gum Odina 

(GO)−chitosan (Ch) ratio (note that at a biopolymers ratio of 5 (5:1 ratio of GO and Ch) the mEq 

ratio is 1:1); (d) chitosan−gum Odina (1:5 system) coacervate yield as a function of induced pH 

(1−10) and after 24 h. This figure was reproduced from Roy, P. S.; Samanta, A.; Mukherjee, M.; 

Roy, B.; Mukherjee, A. Designing Novel pH-Induced Chitosan-Gum Odina Complex 

Coacervates for Colon Targeting. Ind. Eng. Chem. Res., 52 (45), 15728−15745,
 6

 Copyright 2013, 

American Chemical Society. 
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There have been relatively few systematic 

studies of the evolution of species in the one-

phase region as the two-phase region is 

approached, due in part to the difficulty of 

eliminating kinetic effects when coacervation is 

attained by a mixing process. Polyelectrolyte-

micelle systems appear to display rather unique 

thermally induced coacervation at an 

experimentally well-defined temperature, Tφ. 

This temperature, Tφ, depends on mixed micelle 

charge, ionic strength, polymer MW, and X, the 

last being controlled by the ratio of total 

surfactant/polymer along with the ratio of 

ionic/nonionic surfactants.
[115] 

It can therefore be 

adjusted for convenience of study. In most of the 

models, macroion complexes are assumed to 

form charge neutral aggregates at 1: 1 

stoichiometry. 

 

Zhang and Shklovskii
[116]

 

have suggested that 

non-stoichiometric coacervation can occur by 

‗‗intercomplex or intracomplex 

disproportionation‘‘ (charge segregation). In 

intercomplex disproportionation, the charged 

aggregate experiences a migration of polycations 

which leads to the coexistence of a neutral 

coacervate drop with a more highly charged 

aggregate. Excess charges, on the other hand, 

migrate to the ‗‗tail‘‘ of a partially neutral 

aggregate in intra-complex disproportionation. 

The effect of nonstoichiometric charge ratios 

between the polyelectrolyte species can clearly 

be observed in Figure 8. 

 

 
Figure 8.  Work by Zhang et al.,

[76] 
using a different liquid-state theory to similarly account for 

charge correlations in a coacervate phase diagram (salt number concentration ρ± versus polymer 

number concentration ρ
P±

). This figure was reproduced from Zhang, P.; Alsaifi, N. M.; Wu, J.; 

Wang, Z.-G. Polyelectrolyte Complex Coacervation: Effects of Concentration Asymmetry. J. 

Chem. Phys., 149 (16), 163303,
[76] 

Copyright 2018, with the permission of AIP Publishing. 

 

Complex coacervation driven by non-specific 

electrostatic associations has been the most 

thoroughly studied, but other types of weak 

electronic interactions, such as dipole 

interactions, π–cation, π–π, and metal 

coordination, can lead to associative liquid– 

liquid phase separation.
[63]

 

Macromolecular 

ionizable groups in electrostatic systems result in 

sensitivity of the liquid state to pH and ionic 

strength. Small changes in such variables can 

lead to dissolution or solidification of the liquid 

phase.
[117] 

To date, there have been only a 

handful of reports that have looked into the 

effect of combining electrostatics and other 

interactions. For example, a series of reports 

from the Tirrell and de Pablo groups described 

the potential for hydrogen bond formation 

between the backbones of oppositely-charged 

polypeptides during complexation.
[118-120] In a 

separate study, Hyman, Alberti, and Pappu used 

mutagenesis studies of the FUS family of IDPs 

to demonstrate a hierarchy of interactions driving 

phase separation.
[121] While electrostatic effects 

enhanced phase separation generally, the 

distribution of cation-π interactions between 

arginine and phenylalanine residues affecting the 

material properties of the resulting coacervate in 

a manner consistent with the theory of 

associative polymers.
[122-123] 

 

Systems that undergo complex coacervation 

include polyelectrolyte–polyelectrolyte,  

polyelectrolyte–colloid, and even colloid– 

colloid pairs. Two forces drive complex 

coacervation: enthalpic contributions originating 

from long-range inter-macroionic electrostatic 

interactions, and entropic contributions 

originating from the loss of small ions. Carlsson 
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et al.
[124]

 

studied by Monte Carlo simulations the 

complexation in model systems composed of 

protein models (representing lysozyme in 

aqueous environment) and negatively charged 

polyelectrolyte. The authors showed that 

nonelectrostatic protein-protein attraction 

promoted protein-polyelectrolyte association and 

facilitated protein- polyelectrolyte cluster 

formation. This effect could be explained by 

considering both entropic (mainly due to the 

polydispersity in size and in molecular mass) and 

enthalpic (mainly due to the surface properties of 

aggregates) factors.
[67,125] 

 

However, multiple experimental
[126-129]

 and 

computational studies
[130-132]

 argue that complex 

coacervation has a strong favorable entropic 

contribution, which could arise  from the gain in 

translational entropy of the counterions when the 

polyions are complexed. The driving force for 

polyion complexation has been investigated in 

computer simulations by Ou and 

Muthukumar.
[131] 

They studied uniformly 

charged polyions in a continuum solvent using 

Langevin dynamics simulations. Starting with 

the two polyions far apart, they allowed them to 

complex and calculated the change in energy, 

which they identified as the internal energy 

change of the process. The Hemholtz free energy 

change was then calculated
[120, 133]

 via 

thermodynamic integration and the entropy 

change from the difference between the 

Helmholtz free energy and the internal energy. 

The main conclusion of this work was that the 

driving force was energetic for weakly charged 

polyions (ξ <1) but become entropic for strongly 

charged polyions (ξ >1). Similar results have 

been reported by Rathee et al.
[130] 

for 

associatively charged polyions, where the charge 

state is determined by conditions of chemical 

equilibrium. 

 

Briefly, both enthalpic and entropic contributions 

may be significant, each of which depends 

markedly on the ionic strength of the solution. A 

polyelectrolyte chain is surrounded by a cloud of 

its counterions. At low ionic strength, the 

concentration of ions surrounding the polyion is 

high compared to the bulk ion concentration. The 

large Debye length leads to dilute counterion 

clouds as a compromise between Coulombic 

attraction and the counterion entropy. Upon 

addition of an oppositely charged polymer, tight 

complexation brings the charges closer together 

(Coulombic attraction; exothermic) and the 

counterions are released into the solution 

(entropy gain). On the other hand, at high ionic 

strength, the counterion clouds are denser, so that 

addition of, and complexation with, the second 

polymer becomes endothermic (Figure 9). Still, 

the entropy gain from counterion release results 

in a net energy gain for complex formation. 

 

 
Figure 9:  In counterion condensation and release,

[134] salt ions localize around isolated high 

linear charge-density polyelectrolytes at the cost of their translational entropy.
[135,136] This 

translational entropy can be regained if two oppositely-charge polyelectrolytes localize around 

each other, such that they no longer need to localize small molecule ions. This figure was 

reproduced from Sing, C. E.; Perry, S. L. Recent progress in the science of complex coacervation. Soft 

Matter, 16 (12), 2885–2914,
[57] 

Copyright 2020, with the permission of The Royal Society of 

Chemistry.  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However, above a critical salt concentration the 

net driving force for complexation vanishes and 

complex coacervation no longer takes place. 

Besides the salt concentration, the chemical 

nature of the components can affect the energy 

balance. In addition to electrostatic interactions, 

hydrophobic interactions and hydrogen bond 

formation are often contributing driving 

forces.
[86]

 Coacervation of polyelectrolytes that 

exhibit these additional interactions enhances the 

entropic and enthalpic contributions of 

complexation, resulting in an elevated critical 

salt concentration.
[137,138]

 

 

If the linear charge density of the polyelectrolyte 

is high enough and the charges on the polymer 

chain are fixed (quenched, not ionizable), phase 

separation usually results in flocculates and/or 

precipitates rather than coacervates.
[8]

 The higher 

water content of coacervates is due to the 

hydration of excess small ions. Coacervates 

provide several advantages relative to 

precipitates: (1) the macroscopically 

homogeneous and cohesive coacervate fluid is 

easier to handle, and (2) it has a low interfacial 

tension. Phase separation is often described as 

the consequence of an insolubilization of 

aggregated complexes. It was previously found 

that phase separation occurred when the net 

charge of interpolymer complexes was close to 

0.
[139] We have to remember that, besides 

entropic contributions, stability of mixed 

biopolymer dispersions is much determined by 

the balance between biopolymer-biopolymer and 

biopolymer-solvent interactions. According to 

the Veis-Aranyi theory,
[39]

 

attractive interactions 

between biopolymers and low biopolymer-

solvent interactions are favorable to 

coacervation. When neutral aggregated 

complexes are formed, as a consequence of 

strong attractive interactions, aggregated 

complexes-solvent interactions become low and 

phase separation occurs. Nevertheless, Xia et 

al.
[140]

 

found that the requirement of neutrality at 

phase separation was not a general rule and was 

only observed for complexes formed by protein-

polycationic polymers. For protein-polyanionic 

polymers, phase separation occurred for 

complexes with a negative total charge. No 

explanation was provided. 

 

The optimum conditions for complex 

coacervation are achieved when the pH is 

adjusted to a point at which equivalents of 

oppositely charged molecules of the two 

polyelectrolytes/colloids are present, because the 

greatest numbers of salt bonds form at this point. 

The intriguing question of the rheological 

properties of the coacervate phase was already 

raised some years ago after several authors 

hypothesized that the coacervate could behave 

either like an elastic gel or like a concentrated 

solution (viscous behavior).
 
Most commonly, the 

viscoelastic response is described with respect to 

the storage (or elastic) modulus G’, and the loss 

(or viscous) modulus G”.
[6] 

    (3) 

 

The storage modulus G’ describes the ―in-phase‖ 

response of the shear stress to a periodic shear 

strain of amplitude γo on the material (i.e., 

effectively a cosinusoidal response), while the 

loss modulus G” describes the ―out-of-phase‖ 

response, related to the ability of the material to 

dissipate energy (i.e., a sinusoidal response). 

These two material functions can also be 

expressed in terms of a complex modulus G* and 

the phase angle difference between the applied 

strain and the resultant stress δ.
[141] 

   (4) 

          (5) 

 

From a rheological viewpoint the storage 

modulus (G′) and loss modulus (G′′) in the 

elastic gel state have the characteristics G′ (ω) > 

G′′ (ω), and in the viscous fluid (sol state) G′′ > 

G.
 
It could be clearly seen from Figure 10a and 

10b, at a given strain percent in the linear 

viscoelastic region, the value of G′ was 

significantly greater than G′′, indicating a 

dominant elastic character of the chitosan-gum 

Odina polyelectrolyte complex coacervate 

systems. The frequency sweep curves show the 

highest elastic mechanical response to be 

exhibited by the coacervate (1:5) formed at pH 

4.5 (Figure 10c).
[6]
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Figure 10: Variation of pH-independent Ch−GO [1:4 (initial pH value, 4.7 ± 0.0), 1:5 (initial pH 

value, 4.3 ± 0.1), and 1:6 (initial pH value, 3.9 ± 0.0)] PEC coacervates rheological properties as a 

function of strain %: (a) storage modulus G′; (b) loss modulus G′′; (c) frequency sweeps of the 

pH-induced (3.0, 4.5, and 6.0) chitosan−gum Odina (1:5) PEC coacervates at 25 °C. This figure 

was reproduced from Roy, P. S.; Samanta, A.; Mukherjee, M.; Roy, B.; Mukherjee, A. Designing 

Novel pH-Induced Chitosan-Gum Odina Complex Coacervates for Colon Targeting. Ind. Eng. 

Chem. Res., 52 (45), 15728−15745,
 6
 Copyright 2013, American Chemical Society. 

 

The viscous fluid state (sol) reportedly contains 

only finite branched clusters, whereas an elastic 

solid state (gel) contains an infinite network. The 

network may be produced from covalent 

structure (chemical or irreversible gels), or it 

may be produced from noncovalent interactions 

such as electrostatic/ionic interactions, helical 

domains, micro- crystalline bundles, hydrogen 

bonding, coordination, crystallization, 

hydrophobic effect, and so forth (physical or 

reversible gels).
[6] 

Reports on the phase behavior 

of complexation have described the occurrence 

of both liquid complex coacervates 

(polyelectrolyte coacervates/PECOV) and solid 

precipitation (polyelectrolyte 

complexes/PECOX), and recent efforts have 

attempted to better elucidate these relationships 

between PECOX and PECOV. It is now known 

that all of the properties of PECOX in contact 

with aqueous solutions are controlled by their 

salt and water content. The fundamental unit of 

interaction in a PEC is the ion pair Pol
+
Pol

- 

between two charged monomer units. These 

interactions are broken with the addition of salt, 

transforming ―intrinsic‖ charge compensation to 

―extrinsic‖, where polyelectrolyte segments are 

paired with, and compensated by, salt 

counterions, M
+
 and A

−
.
[142-144] 

 (6) 

 

The ―doping level,‖ y, is the fraction of 

polyelectrolyte compensated by counterions. 

 (7) 

 

Recognizing that [Pol
+
A
−
] = [Pol

−
M

+
]. A nice 

example of salt-controlled properties in PECOX 

is the strong dependence of bulk modulus on the 

density of Pol
+
Pol

−
pairs,

[145] 
since they are 

physical cross-links which can be broken by salt. 

Pressing the salt ―doping‖ represented in eq 6 to 

the extreme breaks more and more ion pairs and 

eventually dissociates polyelectrolyte chains 

from each other completely.
[73,146-147]

 Just before 

this critical dissociation point, polyelectrolytes 

should be associated extremely loosely. These 

weakly associated PECs, which are, in fact, 

coacervates and, with salt, connect the entire 

spectrum of the same associated polyelectrolytes 

from complex to coacervates. A boundary 

between complex and coacervate states was 

defined by the crossover point between loss and 

storage modulus.
[6]

 

 

The design of new materials based on 

coacervates would require an understanding of 

how these parameters control inter alia the onset 

of phase separation, but theoretical treatments of 

coacervation have investigated few of these 

parameters. Voorn
[107] 

and Overbeek
[68,79] 

suggested that coacervation can take place only 

beyond a critical charge density and/or chain 

length. On the other hand, the model by 

Tainaka
[148] 

proposes that precipitation rather 

than coacervation will occur if the charge density 



www.ejbps.com    │     Vol 10, Issue 4, 2023.     │      ISO 9001:2015 Certified Journal      │ 

 

Roy.                                                        European Journal of Biomedical and Pharmaceutical Sciences 

  

 

 

 

15 

is too high or the chain length is too long, while 

a stable solution (single phase) will result for 

very low charge densities and short chain 

lengths. Experimental systems with much lower 

critical charge densities and chain lengths are 

better treated in the ‗‗dilute phase aggregate 

model‘‘ developed by Veis and Aranyi.
[39] 

All 

these early models predict the suppression of 

coacervation at high ionic strengths, but all fail 

to predict the suppression of coacervation at low 

salt concentrations.
[149]

 

Recent theories have also 

focused on the mechanism of coacervation. 

According to a theory developed for weak 

polyelectrolytes,
[150]

coacervation was enhanced 

when the difference between the pK values of the 

polyacid and polybase groups was lowered. This 

result is in agreement with the stability diagrams 

for the coacervation of gum Arabic with gelatin. 

The chemical mechanisms and conditions for 

PEs complex coacervation have been widely 

explored by different authors.
[151-160] 

Yet, only a 

handful of theoretical and simulation studies 

have investigated the influence of 

polymer−solvent interactions on the phase 

behavior of complexes.
[106,161]

 Sato and Nakajima 

included the Flory interaction parameter χ to 

account for interaction between water and 

polyelectrolyte salt in the classical VO theory 

and deduced the limiting conditions of charge 

density and chain length for complexation.
[161,162]

 

Larson and co-workers extended the VO theory 

by incorporating the χ parameter between 

protonated poly(acrylic acid) and solvent 

molecules to explain the unusual high salt 

resistances of PECs measured in acidic 

environments.
[163,164] 

A recent theoretical study 

by Rumyantsev et al. outlined a salt 

concentration−solvent quality diagram of PECs 

based on scaling laws. 
160

 The diagram of 

coacervate regimes in cs−v coordinates is shown 

in Figure 11. 

 

 
Figure 11: Diagram of states of coacervate in salt concentration−solvent quality coordinates, 

cs−v. Boundaries between regimes and subregimes are indicated by solid and dashed lines, 

respectively. Consideration applicability limits are cs < c*s * ≃ u-3
 
and |v| < 1 (not shown in 

diagram). This figure was reproduced from Rumyantsev, A. M.; Zhulina, E. B.; Borisov, O. V. 

Complex Coacervate of Weakly Charged Polyelectrolytes: Diagram of States. Macromolecules, 

51 (10), 3788−3801.
[160] 

Copyright 2018, American Chemical Society. 

 

Concomitantly, experimental investigations have 

begun to investigate the  influence of parameters 

such as the unique chemical attributes of the 

individual polymers and solvent effects on 

complexation.
[106,138,160]

 Sadman et al. have 

demonstrated mechanical tunability for poly 

(styrene sulfonate) (PSS) and poly (4-vinyl 

pyridine) (QVP) complexes by varying the 

hydrophobicity of the quaternized poly (4-

vinylpyridine) through methyl, ethyl and propyl 

substitutions (PSS: QVP-C1, C2 & C3 

Complexes).
[138] 

Figure 12 demonstrates that 

PSS: QVP complexes behave like liquids at high 

salt concentrations and low frequencies, and 

appear to approach a power-law behavior at low 

salts and high frequencies. 
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Figure 12: Time-Salt Superposition of frequency sweeps at 20 
o
C of (a) PSS: QVP-C1; (b) PSS: 

QVP-C2; (c) PSS: QVP-C3. This figure was reproduced from Sadman, K.; Wang, Q.; Chen, Y.; 

Keshavarz, B.; Jiang, Z.; Shull, K. R. Influence of Hydrophobicity on Polyelectrolyte 

Complexation. Macromolecules, 50 (23), 9417−9426,
[138]

 Copyright 2017, American Chemical 

Society. 

 

Spruijt et al. included the χ parameter in 

calculations based on VO theory to describe 

experimentally determined polymer contents in 

PECs.
[73]

 Figure 13 predicts that complexation 

takes place even for a chain length of 1 for χr > 

0. It shows that for a value of χr = 0.1, the 

correct critical salt concentrations are predicted 

based on mapping of the associative phase 

separation onto segregative phase separation. 

There is a strong dependence of the critical salt 

concentration on the choice of χr, indicating that 

slightly more hydrophobic polymers might have 

a significantly higher critical salt concentration 

for identical chain lengths. 

 

 
Figure 13: Critical salt concentration of complex coacervation between poly(acrylic acid (PAA) 

and poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) at pH 6.5 (σ = 0.95) as a function 

of polymer chain length. This figure was reproduced from Spruijt, E.; Westphal, A. H.; Borst, J. 

W.; Cohen Stuart, M. A.; van der Gucht, J.  Binodal Compositions of Polyelectrolyte 

Complexes. Macromolecules, 43 (15), 6476-6484,
[73] 

Copyright 2010, American Chemical Society. 

 

More recently, the influence of polymer−solvent 

interactions on the phase behavior and complex 

morphology in PECs has been discussed in 

various polyelectrolyte systems ranging from 

natural polymers
[165]

 to polypeptides
[166]

 to 

synthetic polymers.
[167,168]

 

 

Despite the progress in the description of the 

influence of solvent interactions on 

complexation, detailed datasets describing the 

phase behavior quantitatively to illustrate the 

effect of hydrophobicity and other prevailing 

physical non-covalent interactions on 

polyelectrolyte complexation are still elusive. 

These more realistic aspects of complexation are 

essential to advance our current understanding of 
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selecting polyelectrolyte pairs for PEC materials 

and to harness such materials into products and 

end-use technologies. 

 

Most recently, ―field- theoretic‖ simulations 

have been used to examine the conditions under 

which oppositely charged polymers produce 

complex coacervates.
[169,170]

 Prabhu and co-

workers have reported a lower critical solution 

temperature for PEC systems (potassium-poly 

(styrenesulfonate) (KPSS) and poly (diallyl 

dimethylammonium bromide) (PDADMAB) 

with added KBr salt)
[171] 

that were described in a 

mean-field theory formalism to identify the 

ranges of the solvent dielectric constant and the χ 

parameter justifying these observations.
[172]

 

Figure 14 has the appearance of a lower critical 

solution temperature. Tcp corresponds to the 

point where the kinetics of phase separation 

becomes observable, rather than an exact 

thermodynamic phase boundary.  

 

 
Figure 14: Cloud-point temperature vs initial 

polymer concentration with fixed C
KBr 

= 2.15 

mol/L. This figure was reproduced from Ali, 

S.; Bleuel, M.; Prabhu, V. M. Lower Critical 

Solution Temperature in Polyelectrolyte 

Complex Coacervates. ACS Macro Lett., 8 (3), 

289−293,
[171] 

Copyright 2019, American 

Chemical Society. 

 

Complex theories (as shown by numerical 

simulations) that account for many of the factors, 

that can affect coacervation, such as sequence 

specificity,
[173-175]

 charge correlation,
[176,177]

 and 

soluble complex formation,
[178]

 have recently 

been developed (Figure 15, 16).
[178,179]

 

 

 
Figure 15: Molecular structure and sequence affects charge-driven phase separation. (a) 

Qualitative sketch of a typical phase diagram of complex coacervate- forming polyelectrolytes. 

Coacervation occurs at low salt and polymer concentrations, where oppositely charged 

polyelectrolytes undergo a liquid-liquid phase separation into polymer dense (coacervate) and 

polymer-dilute (supernatant) phases. The different curves qualitatively represent how the 

immiscible region changes with different molecular features (charge monomer sequence, spacing, 

ion size, degree of polymerization, valency, etc.), (b) Figure shows that charge monomer sequence 

is a molecular feature, which can be used to tune coacervation behavior. This simulation and 

experimental result is based on coacervation between a homopolyanion and a series of model, 

sequence-defined polycations with half of their monomers charged. These polycations are 

characterized by the periodic repeat of the monomer sequence, τ, (c) Coacervation is 

experimentally observed as droplets of a polymer- dense ‗coacervate‘ dispersed in a polymer-

dilute ‗supernatant‘ phase. Simulation images correspond to conditions (salt concentration, 25 

mM and τ = 2) shown in Figure 16. Scale bar is 25 μm. This figure was reproduced from Chang, 

L. W.; Lytle, T. K.; Radhakrishna, M.; Madinya, J. J.; Vélez, J.; Sing, C. E. Sequence and 

entropy-based control of complex coacervates. Nat. Commun., 8 (1), 1273 (1 – 8),
[177] 

Copyright 

2017, Springer Nature. 
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Figure 16: Coacervate phase behavior is affected by charge sequence in both simulation and 

experiment. (a) Simulations demonstrate that the size of the coexistence region 2Φ increases with 

τ, (b) The experimental critical salt concentration (CSC) for sequence-defined coacervates at a 

variety of total charged monomer concentrations (solid 1 mM, stripes 5 mM, crosshatch 50 mM), 

plotted as a function their periodic block size (τ = 2 to τ = 24). Increasing τ leads to a marked 

increase in the CSC, qualitatively changing by as much as 50–150 mM, consistent with 

simulations in a. Error bars reflect the intervals between samples in these experiments, (c) A 

selection of optical micrographs corresponding to the data in a, highlighting that the region of 

coacervation increases with τ. Arrows indicate the presence of tiny coacervate drops. Scale bars 

are 25 μm. This figure was reproduced from Chang, L. W.; Lytle, T. K.; Radhakrishna, M.; 

Madinya, J. J.; Vélez, J.; Sing, C. E. Sequence and entropy-based control of complex coacervates. 

Nat. Commun., 8 (1), 1273 (1 – 8),
[177] 

Copyright 2017, Springer Nature. 

 

However, none of these provides a quantitative 

explanation for all types of liquid phase 

separating proteins and polymers, and the 

relative simplicity of the classical mean-field 

model, which can provide semi-quantitative 

agreement with experimental phase diagrams 

based on a single effective interaction parameter 

(χ or α), is therefore still attractive.
[63, 176]

 

 

In the context of polyacid/polybase 

polyelectrolyte complexes, the use of acid-base 

interactions to overcome the free energy barrier 

to the mixing of rods and coils, originating 

primarily from the reduced entropy of mixing in 

the presence of rods, has to be mentioned, too. 

The mixing of solutions of rigid-rod macro- 

molecules with random coil macromolecules of 

opposite charge gives molecular polymer-

polymer composites upon precipitation or film 

casting from solution. Introducing a negative χ-

parameter into the original Flory theory
[180]

 

was 

used to model the experiments.
[181]

 

 

More recently, Qin and de Pablo
[182] 

used a 

Gaussian-fluctuation analysis and demonstrated 

how the inclusion of chain connectivity — in 

particular the fractal dimension of the 

connectivity (e.g., rods versus coils versus 

branched polymers) plays a significant role on 

coacervation, and Shen and Wang
[183]

 developed 

a renormalized Gaussian fluctuation field theory 

that self-consistently accounts for polymer chain 

conformation and connectivity in formulating a 

description of electrostatic correlations. 

 

In particular, the RPA model for electrolytes is 

related to Debye–Hückel theory, and thus serves 

as the basis to systematically improve field 

theoretic models of coacervation.
[184] 

Specifically, Borue and Erukhimovich
[185,186]

 

pioneered the application of the random phase 

approximation (RPA) for concentrated systems 

of weakly charged polyelectrolytes, and this was 

further elaborated for the specific case of 

complex coacervation by Castelnovo and 

Joanny.
[184] 

Olvera de la Cruz
[104] 

included short-

range correlations via a diagrammatic 

representation of ion pairs as ‗reversible cross-

links‘ and also included a high-q modification to 

approximate the effect of finite excluded volume. 
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They explicitly included the effect of excluded 

volume via a modification to the form of the 

Coulomb potential. This result is an ad hoc 

addition, mathematically chosen to be 

straightforwardly incorporated into the RPA 

formalism.
[125]

 

This advance crucially captures 

the experimentally-observed phenomenology of 

salt-partitioning to the supernatant,
[75] however 

the magnitude of the effect is sensitive to the 

highly-approximate form of the excluded 

volume. The possibility of finite-sized 

aggregates in the dilute regime, either by ion-

pairing of individual charges or by non-specific 

electrostatic correlations, has been considered by 

numerous authors including Kudlay, Ermoshkin, 

and Olvera de la Cruz,
[187]

 Shusharina, Zhulina, 

Dobrynin, and Rubinstein,
[188] 

Castelnovo and 

Joanny,
[189]

 and Zhang and Shklovskii (Figure 

17).
[116] 

 

 

Figure 17: Phase diagram (c
tot vs q) in the limit of high ionic strength. The macroscopic phase 

separation takes place first when q/f ≤ 1 and c
tot > csep. For higher asymmetries q/f ≥ 1, spherical 

micelles are formed when c
tot > cmc. Therefore it can be predicted that the only aggregates to be 

observable when the solution is macroscopically stable are spherical micelles. This figure was 

reproduced from Castelnovo, M.; Joanny, J. F. Phase Diagram of Diblock Polyampholyte 

Solutions. Macromolecules, 35(11): 4531–4538,
[189] 

Copyright 2002, American Chemical Society. 

 

Ultimately, RPA and related analytical field 

theory approaches elucidate the physical 

couplings between chain connectivity and 

electrostatics, and can introduce corrections to 

account for excluded volume and correlation 

effects.
[92,187]

 These are highly sophisticated 

theories, yet their sophistication limits both their 

adaption by experimentalists and the 

transparency of their assumptions. Indeed, there 

are well-known challenges with regard to both 

electrostatics and polymers treated in RPA and 

related perturbative approaches.
[190]

 In particular, 

such theories do not converge when the 

electrostatic interactions are strong or the ion 

valency is large.
[165] 

This is an important 

limitation; high charge densities along a polymer 

chain remain a challenge because multivalent 

ions are in the limit of high charge densities. 

Approaches to circumvent these challenges have 

been widely proposed for polyelectrolyte 

systems, typically relying on the supposition of 

an alternate ‗highly-ordered‘ state such as an 

ionic solid,
[191,192]

 effective chi-parameters,
[193,194]

 

and/or ion condensation.
[195-198]

 While motivated 

by strong physical intuition, these invoke 

assumptions about the system that decreases 

their predictive power or limits their regime of 

applicability. Nevertheless, these understandings 

have been instrumental in progressing the state 

of complex coacervation. 

 

The first theoretical study for ordered 

morphologies is given by Audus et al. 
199

 They 

developed a modified self-consistent field theory 

(SCFT) with an embedded fluctuation (EF) 

model in which the one-loop random phase 

approximation (RPA) is used in order to capture 

the electrostatic correlations. Using this EF 

model, they investigated the phase diagrams of 

salt-free triblock copolyeletrolyte solutions as a 

function of end-block fraction and polymer 

concentration. 
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Figure 18: Phase diagram for various parameters using the EF model. Observed phases included 

disordered (DIS), dilute (DIL), either body- centered cubic spheres or face-centered cubic 

spheres (S), hexagonally packed cylinders (C), lamellae (L) and regions of phase coexistence. This 

figure was reproduced from Audus, D. J.; Gopez, J. D.; Krogstad, D. V.; Lynd, N. A.; Kramer, E. 

J.; Hawker, C. J.; Fredrickson, G. H. Phase behavior of electrostatically complexed 

polyelectrolyte gels using an embedded fluctuation model. Soft Matter, 11 (6), 1214–1225,
[199] 

Copyright 2015, with the permission of The Royal Society of Chemistry.    

 

The calculations using the EF model were 

consistent with small angle x-ray scattering 

(SAXS) measurements on an experimental 

system. In spite of the great success on 

understanding the hydrogel with an ordered 

structure, such an EF model containing Gaussian 

fluctuation contributions breaks down when the 

line charge density is relatively high, which 

limits its application. Significant progress for 

coacervate self-assembly with high charge 

density polymers was achieved by Sing‘s group. 

They proposed a hybrid ―Monte Carlo-single 

chain in mean field‖ (MC-SCMF) method to 

handle charge-dense scenarios (Figure 19).
[200]

  

 

 

 
Figure 19: Schematic of the hybrid MC-SCMF scheme. (a) Molecular MC simulates solutions of 

polymer (polycation, orange; polyanion, blue; neutral polymer, cyan) and salt (cation, red; anion, 

purple). The RPM is used, with charged species represented as hard spheres of diameter σ in a 

dielectric solvent medium with εr = 78.5. Spatial coordinate is r. Widom insertion of salt/polymer 
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species (dark red arrows) yields μ
EXC,i 

of species i. (b) μ
EXC,i 

is an input into the calculation of the 

free energy landscape f
EXC

(φS,φA,φB); (c) SCMF simulations consider coarse-grained 

representions of (for example) block copolymers. g monomers make up individual coarse-grained 

beads, which are connected by Gaussian springs. In this scheme, polycation versus polyanion 

beads are indistinguishable. (d) f 
EXC from (b) contributes to a nonbonded Hamiltonian HNB 

calculated by assigning beads to grid points (blue arrows). Grid has coordinate x and informs 

MC updates of coarse-grained polymers. These chains do not interact except through the 

contribution of each coarse-grained bead to the φA or φB at a given grid point. The f 
EXC informs 

the distribution of SCMF chains, which set the values of φi at a grid point x used to calculate f 

EXC
, establishing consistency between the two simulation methods. This figure was reproduced 

from Lytle T. K.; Radhakrishna, M.; Sing, C. E. High charge density coacervate assembly via 

hybrid Monte Carlo single chain in mean field theory. Macromolecules, 49(24): 9693–9705,
[200] 

Copyright 2016, American Chemical Society. 

 

Then, they embedded molecular-level Monte 

Carlo (MC) simulations into field theoretic 

calculations, leading to a multiscale, coarse-

grained description to such systems. Their 

calculations match well with previous 

experimental and theoretical results.  Recently, 

Ong and Sing developed a transfer matrix (TM) 

theory, and incorporated it into a SCFT 

calculation to provide predictions for both the 

macroscopic phase behavior and microscopic 

charge correlations present in complex 

coacervates (Figure 20).
[201]

 

 

 
Figure 20: Representative contour plots of the morphologies observed in two-dimensional TM-

SCFT calculations, showing the density of the polyelectrolyte block υA. Micelle phases (M), 

hexagonally-packed micelles (H), lamellar (L), and inverse hexagonally-packed micelles (I) as 

self-assembled phases were observed. Also bulk phase separation into a coacervate phase (C), 

distinguished as a phase separated region that is significantly larger than the H or M structures 

were occasionally observed. This figure was reproduced from Ong, G. M. C.; Sing. C. E. 

Mapping the phase behavior of coacervate-driven self-assembly in diblock copolyelectrolytes,‖ 

Soft Matter, 15(25): 5116–5127,
[201] 

Copyright 2019, with the permission of The Royal Society of 

Chemistry.    

 

The transfer matrix theory is based on a one-

dimensional adsorption model and accounts for 

charge correlations related to ion pairing, 

counterion condensation, and release (Figure 

21).
[202]
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Figure 21: (a) Schematic of the simulation model. The RPM is used, with all hard-sphere 

particles of diameter σ and electrostatic interactions between all charged species U
E
. Polymers 

are connected charges with a bonding potential U
B 

and a bending potential U
θ
. (b) Simulation 

snapshot of a coacervate phase using this model. A method known as Widom insertion measures 

the energy change associated with adding pairs of charged particles into a simulation box, 

yielding excess chemical potentials that can be integrated to calculate f
EXC

.  This figure was 

reproduced from Lytle, T. K.; Sing, C. E. Transfer matrix theory of polymer complex 

coacervation. Soft Matter, 13(39): 7001–7012,
[202]  

Copyright 2017, with the permission of The 

Royal Society of Chemistry.    

 

Their phase diagram predictions for the two 

dimensional system are analogous to 

experimental results in the literature.
[203]

 This 

theory is easy to calculate and shows its novelty. 

However, their transfer matrix method involves a 

phenomenological parameter to describe the 

three-order term that captures excluded volume 

interaction between polymer species and salt 

ions in the coacervate phase, and it also neglects 

the spatial dependence of the transfer matrix of 

each segment along the chain in practical 

calculation.
[201] 

In addition, a more accurate 

handling to the transfer matrix needs the help of 

simulations.
[204] 

 

One important aspect of coacervate formation, 

relevant to modern polymer science, is its 

relationship to the construction of polyelectrolyte 

multilayer films by sequential adsorbed layers of 

weak polyelectrolytes.
 

It has been established 

that polymer and salt concentration as well as pH 

affect the structure and composition of the 

multilayer composite sheet,
 

similarly as 

discussed for bulk coacervate formation, and 

common features have been specifically 

addressed.
[205-210] 

Layer-by-layer growth is an 

arrested, nonequilibrium form of PEC. The 

associative electrostatic interactions driving 

complex coacervation are an obvious parallel to 

those used to drive the formation of layer-by-

layer (LbL) films.
[211-213] While the field has long 

been cognizant of these parallels,
[86,214,215] the 

difficulties associated with predicting the 

dynamics of polyelectrolyte complex systems 

has limited the amount of progress that has been 

made. Recent experimental work by Salehi et al. 

has suggested a possible correlation for 

predicting the growth rate of LbL films based on 

measurements of coacervate phase behavior.
[216]

 

Depicted in Figure 22 is the growth kinetics of 

LbL films composed of Poly (acrylic acid) 

(PAA) and poly (N,N- dimethylaminoethyl 

methacrylate) (PDMAEMA) along with 

corresponding bulk phase behavior at various pH 

values and in the absence of salt. However, 

further validation of this approach with a broader 

range of polymer systems is still needed. 
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Figure 22: Effect of pH on PEM growth kinetics for PAA/PDMAEMA in the absence of KCl at 

room temperature. The inset illustrates the physical form of the complex phases corresponding to 

LbL experiments. Numbers on the vials in the inset denote the pH of the contents. PAA was 

deposited at the odd-numbered steps and produced larger increments in mass than the deposition 

of PDMAEMA on the even-numbered steps. This figure was reproduced from Salehi, A.; Desai, 

P.; Li, J.; Steele, C. A.; Larson, R. G. Relationship between Polyelectrolyte Bulk Complexation 

and Kinetics of Their Layer-by-Layer Assembly. Macromolecules, 48 (2), 400–409,
[216]

 Copyright 

2015, American Chemical Society. 

 

Complex coacervation might fruitfully be 

considered from the perspective of colloidal 

clustering,
[126] 

though this idea has not been 

widespread in part because the field developed 

from the vantage point of the association of 

flexible polyampholytes (i.e. gelatin) not viewed 

as colloidal particles. It is clear—at least for 

colloid-polyelectrolyte coacervation—that well-

defined and thermodynamically stable 

intermacroionic aggregates exist near the point 

of phase separation and that repulsive and 

attractive interactions among them play a role in 

their coalescence. 
 

These clusters possess 

structural hierarchies far more subtle than 

conventional colloids: at the largest scale, 

multipolymer aggregates arise from the 

association of intrapolymer complexes, which in 

turn arise from the binding to polymers of 

micelles, which themselves are surfactant 

aggregates.
[217]

 The primarily electrostatic 

repulsive and attractive forces operating over 

different length scales determine the cluster sizes 

and structures of the resulting dense phases. The 

competition between short-range attraction and 

longer-range repulsion (SALR) operating over 

different length scales determine the cluster sizes 

and structures of the resulting dense phases.
[218-

223] 
Colloidal systems interacting via SALR 

possess a rich phase behavior and may exhibit 

one or more stable liquid-liquid phase 

transitions.
 
The effect of the repulsion has been 

found to be analogous to the liquid-vapor critical 

point and a portion of the associated liquid-vapor 

transition line, with two first-order phase 

transitions: one from the vapor to a fluid of 

spherical liquid- like clusters and the other from 

the liquid to a fluid of spherical voids (Figure 

23).
[224-226] 

The possible retention of aggregate 

structural features within the macroscopically 

homogeneous dense phase, an interesting 

question that has yet to be resolved.
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Figure 23: Estimates of the phase diagram. Circles are the vapor-spherical cluster transition, 

squares are the spherical bubble-liquid transition. Crosses lie on the liquid-vapor coexistence 

line, lines merely guide the eye. Filled symbols locate the putative critical points. Uncertainties do 

not exceed the symbol sizes. This figure was reproduced from Archer, A. J.; Wilding, N. B. Phase 

Behavior of a Fluid with Competing Attractive and Repulsive Interactions. Phys. Rev. E, 76 (3), 

031501,
[225] 

Copyright 2007, with the permission of American Physical Society. 

 

Those concepts can be applied to the case of 

polyelectrolyte - micelle complexation and 

coacervation, where the long-range electrostatic 

repulsions among complexes of like charge, 

subject to screening, compete with short-range 

attractions between complexes due to 

polarization or disproportionation. Temperature 

is the parameter that ameliorates the Coulomb 

repulsion among polyelectrolyte complexes, by 

promoting the entropy of counterion expulsion, 

as clustering or phase separation of complexes 

leads to the replacement of macroion-bound 

counterions by intermacroionic ion-pairing. This 

colloidal model in which the polyelectrolyte-

micelle complexes are viewed as intricately 

hierarchal soft colloidal particles, would then 

predict the coexistence of supernatant droplets 

(voids) in a coacervate dense medium at high 

volume fractions with coacervate droplets 

(liquidlike clusters on micrometer or 

submicrometer scale) in the supernatant at low 

volume fraction. This scenario implies the 

retention of micelle- polyelectrolyte aggregate 

structural features within the macroscopically 

homogeneous dense phase that finds only limited 

experimental evidence so far.
[227-229]

 

 

6. pH INDUCED STRUCTURAL AND 

MORPHOLOGICAL TRANSITIONS. 
Structural and morphological transitions were 

highlighted in polymer-polymer and protein-

polyelectrolyte dispersions by using a variety of 

experimental techniques such as turbidimetric 

titration,
[17,139,151, 230-233]

 quasi-elastic and static 

light scattering,
[17,139,140,151,230,233] and 

electrophoretic light scattering,
[140,233] 

upon 

changing gradually the pH. Two remarkable pH 

values, pH
c 

and pH
φ
, were identified and 

correspond to structural and morphological 

changes.
[17,230,231] Determined by a slight increase 

of scattered light intensity in dispersion, the 

critical pH, pH
c
, is related to the primary 

complexation of macromolecules and the 

formation of intrapolymeric complexes. The pH
c 

can be considered as a phase transition on the 

molecular scale. The pH
φ is determined by a 

significant increase of the dispersion turbidity, 

indicating, according to most of authors, the first 

step of phase separation at the microscopic level, 

leading to the coacervate droplet formation. In 

addition to the two pH values already defined, 

Kaibara et al.
[17] established on bovine serum 

albumin (BSA)-poly(di- 

methyldiallylammonium chloride) (PDADMAC) 

dispersions other characteristic pH transitions 

using light scattering and spectrophotometric 

measurements. The formation of soluble primary 

complexes was initiated at pH
c and completed at 

―pH′
crit
‖. An afterward increase in scattering 
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intensity at ―pH
pre
‖ may arise from the assembly 

of quasi-neutralized primary complexes. The pH 

region between pH′
crit and pH

pre 
was identified as 

the region of stable intrapolymer complexes as 

spectrophotometric data and pH values remained 

constant once the titration of the BSA-

PDADMAC dispersion was interrupted. At pH
φ
, 

a maximum in scattering intensity was 

concomitant with both the appearance of 

turbidity and the first microscopic observation of 

coacervate droplets. Contrary to the previously 

mentioned definition, the pH
φ 

corresponds in this 

case to a late stage of phase separation since 

droplets appeared. Coacervates displayed 

morphological changes at ―pH
morph

‖, observed by 

phase contrast microscopy, followed by the 

transformation to solid or flocculant substances 

at ―pH
precip

‖ (Figure 24). 

 

 
Figure 24: Typical pH profile of turbidity, τ, and scattering intensity, I

90
, for r = 22.4 and NaCl 

concentration of 100mM at 25°C. Arrows indicate specific pH points, pH
crit

, pH′
crit

, pH
pre

, pH
υ
, 

pH
morph

, and pH
precip

. Black dots identified by A-E refer to the point where the phase contrast 

microscope images A-E are taken. The scale bar in the microscope image is 10 μm. This figure 

was reproduced from Kaibara, K.; Okazaki, T.; Bohidar, H. B.; Dubin, P. L. pH- Induced 

Coacervation in Complexes of Bovine Serum Albumin and Cationic Polyelectrolytes. 

Biomacromolecules, 1 (1), 100–107,
[17]

 Copyright 2000, American Chemical Society. 

 

Except for this study, all analyses of the kinetic 

mechanism of phase separation on a great 

number of polymer-polymer and protein-

polymer systems, and on a more limited number 
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of protein-polysaccharide systems,
[151,234,236] 

revealed that pH
c and pH

φ were the most 

important pH of structural transitions. This 

description seems to be incomplete with regard 

to the several transitions described above in the 

protein- polymer phase separation process, 

especially considering that soluble 

intrapolymeric complexes have to interact in 

order to form, more or less, neutral aggregated 

(inter- polymeric) complexes before phase 

separation occurs. It may be expected that in the 

complexation of biopolymers, more than two pH 

values corresponding to structural transitions 

will be identified. A great challenge concerns in 

particular the crucial transition region between 

complexation and phase separation. More 

detailed information on the structure of the 

different entities formed and energetic of 

assembly are also needed, using for instance 

high-resolution cryo- TEM microscopy and 

modern calorimetric techniques. 

 

We could then wonder whether these forces 

determine a specific structure of coacervates; it is 

not, by definition, possible to speak of an 

intrinsic common structure because we are at 

least initially dealing with liquid phases that may 

proceed to completely different endpoints. There 

have nevertheless been attempts to capture 3D 

structural elements by cryoelectron microscopy 

(cryo-EM) methods. For example, a distinct 

‗sponge structure‘ was described in droplets by 

cryogenic temperature high-resolution scanning 

EM (cryo-HRSEM) (Figure 25).
[237] 

 

 
Figure 25: Schematic drawing of the sponge 

phase. This figure was reproduced from Menger, 

F. M.; Seredyuk, V. A.; Caran K. L.; Apkarian, 

R. P. A Sponge Morphology in an Elementary 

Coacervate. Langmuir, 16(24): 9113–9116.
[237] 

Copyright 2000, American Chemical Society. 

 

7. APPLICATIONS. 

Recent interest in coacervation as a phenomenon 

has led to deep questions that influence – and are 

influenced by – other emerging areas in polymer 

physics, materials engineering, and biophysics. 

Complex coacervates represent a wide class of 

materials with applications ranging from 

coatings and adhesives to pharmaceutical 

technologies, and they also underpin multiple 

biological processes, which are only now 

beginning to be deciphered. 

 

In the scope of these larger trends in soft matter, 

it is apparent that the electrostatic interactions 

that drive complex coacervation are broadly 

relevant due to their sensitivity to molecular 

structure and chemical identity. Great interest 

was shown in complex coacervation because of 

its implication in many biological processes like 

self-assembly of biological macromolecules.
[238-

240]
 The outlook of coacervation thus exists at the 

interface between polymer science, molecular 

engineering, and biology, and because of their 

interesting interfacial and bulk material 

properties, complex coacervates find applications 

in many industrial applications, including the 

pharmaceutical and food industries. Complex 

coacervates are used for microencapsulation, 

drug delivery and tissue engineering,
[241-248]

 

biomaterials,
 [249-251]

 underwater adhesives,
[252-254]

 

protein purification,
[255]

 enzyme 

immobilization,
[256]

 cosmetic formulations,
[257] 

flavors,
[258]

 and oil
[259,260]

 with applications in 

biomedical adhesives,
[261]

 

food science
[262]

 and 

electronic ink.
[263] 

 Because of these applications 

and because of some fascinating biological 

implications,
[264] 

there has recently been a 

resurgence of interest in coacervation. (The 

number of papers with coacervation/coacervate 

in their titles in the last three years surpassed the 

total published during the preceding decade). In 

the following sections, we highlight a few 

directions that show the use of coacervate-based 

materials across the broad field of biomedicine. 

 

7.1. Encapsulation.  A highly interesting 

characteristic of complex coacervates is their 

ability to host a great variety of so-called client 

molecules.
[265]

 This characteristic has been 

exploited to encapsulate proteins and small 

molecules inside the coacervate phase to study 

biological processes in a simple and highly 

controlled environment.
[265-269]

 

 

In particular, complex coacervates exhibit very 

low interfacial energy in aqueous solution,
[270,271] 

a property that enables them to engulf a variety 

of materials.
[47] 

Encapsulation was one of the 

first applications of acacia gum- gelatine 

coacervates since papers and patents are reported 

as early as in 1970s.
[126]

 

The unique gelling-melting profile of gelatine 

generates interesting properties for 

microencapsulation. Viscous coacervates can be 

prepared at 50–60 °C, a temperature higher than 
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gel point of gelatine while on cooling interface's 

rigidity increases resulting in a stable gelled shell 

around the microcapsule. During consumption, 

the shell will be disrupted as gelatine is readily 

melted in the mouth. Since then, these two 

macromolecules have been used to encapsulate 

various materials of liquid and/or solid nature. 

Recently, Yeo et al.
[272]

 used gelatine–acacia 

gum coacervates to encapsulate flavours to be 

released during cooking in baked goods. 

 

Compared with spray drying which is the most 

widely used microencapsulation technique, 

complex coacervation has advantages including 

high encapsulation efficiency (up to 99%), high 

loading of the ―core‖ material (>50%) and 

significantly improved controlled-release 

characteristics.
[273]

 

 

The ability to sequester high amounts of 

biologically relevant macromolecules is also 

important for the application of coacervate-based 

synthetic cells in the biomedical field. In fact, 

encapsulation of cargo in complex coacervates 

has already been demonstrated across a range of 

biomedical disciplines, including the 

development of sensors, nanoreactors, 

biomimetic adhesives, delivery platforms
[274,275]

 

and has been widely used in food science and 

medicine.
[276-293] 

 

Encapsulation can be achieved by using the 

cargo as part of the coacervate matrix,
[294] 

as a 

result of specific interactions,
[295] 

or by 

preferential partitioning.
[296-300]

  In all of these 

cases, two major advantages of coacervation are 

(i) the ability to perform encapsulation in a 

purely aqueous environment,
[250,301-305]

 and (ii) 

the potential for dramatically enriching the 

molecule of interest in the macromolecule-rich 

coacervate phase, as compared to the original 

solution. These methods result in the significant 

enrichment and protection of cargo inside the 

aqueous environment but also allow for their 

controlled release upon dissociation of the 

coacervate phase or as a reaction to external 

triggers. Overall, the development of 

programmable complex coacervate−synthetic 

cells shows great potential for creating novel 

delivery strategies, provided they are compatible 

with living cells.
[306]

 

 

Upon encapsulation, it is critical to test whether 

the coacervation process adversely affected the 

guest molecules. This consideration is 

particularly important for proteins, as opposed to 

small molecules, and can be assayed using 

spectroscopic methods such as circular dichroism 

(CD) and FTIR, which are sensitive to the 

protein secondary structure. Fortunately, 

coacervation is a relatively gentle method for 

encapsulation that maintains proteins in an 

aqueous environment. Typical reports have 

shown minimal evidence for adverse effects of 

coacervation on protein structure.
[250, 294, 307]   

 

Encapsulation of charged proteins into complex 

coacervate core micelles (C3Ms) can be 

accomplished by mixing them with oppositely 

charged diblock copolymers. However, these 

micelles tend to disintegrate at high ionic 

strength, often as a result of the low charge 

density of proteins. Lindhoud et al. showed, 

using dynamic light scattering (DLS), that the 

most stable enzyme-containing C3Ms could be 

obtained by adding a homopolymer with the 

same charge sign as the protein to the two-

component system, in excess over the protein 

concentration.
[308]

 

 

While complex coacervates have a tremendous 

history of applications related to the 

encapsulation of both hydrophobic and 

hydrophilic cargo,
[250, 309-318]

 there have been few 

systematic studies that investigate how the 

molecular properties of small molecules drive 

encapsulation and/or modulate the phase 

behavior and properties of the coacervate 

itself.
[319]

 Recent work by Zacharia and co-

workers demonstrated the importance of charge 

and hydrophobicity in driving the partitioning of 

small molecule dyes into various polymer-based 

coacervates.
[320,321]

 The encapsulation of proteins 

within a coacervate phase can represent a 

particular challenge due to the fact that not all 

proteins of interest are strongly charged. A 

strategy for overcoming this limitation was 

recently reported for the case of binary, protein-

polyelectrolyte coacervates. In this work, the 

natural charge state of various proteins was 

supplemented through the use of conjugation 

chemistry to create artificially supercharged 

proteins using succinic anhydride.
[322]

 

Furthermore, the authors were also able to 

elegantly demonstrate that the degree of 

supercharging necessary to effect coacervation 

(as defined by the ratio of the number of negative 

to positive charged groups, for subsequent 

coacervation with a polycation) is relatively low 

– on the order of 1.1 to 1.4 (Figure 26). 

 

 

 

 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/microencapsulation
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Figure 26: Plot of changes in turbidity as a function of the ratio of negative-to-positive residues 

on the protein. The grey shaded region corresponds to proteins that do not undergo phase 

separation. This figure was reproduced from Obermeyer, A. C.; Mills, C. E.; Dong, X.-H.; Flores, 

R. J.; Olsen, B. D. Complex coacervation of supercharged proteins with polyelectrolytes. Soft 

Matter, 12 (15), 3570–3581,
322 

Copyright 2016, with the permission of The Royal Society of 

Chemistry  . 

 

While most of the reports on the complex 

coacervation of proteins take advantage of the 

charge nature of the protein itself, Kapelner and 

Obermeyer
[323]

 recently reported a strategy that 

takes advantage of recombinantly expressed 

short ionic peptide tags (6-18 amino acids) to 

facilitate the phase separation of tagged proteins 

via complex coacervation. Of particular note was 

the result that proteins with the same total 

amount of charge distributed isotropically on the 

protein surface showed lower stability against 

dissolution by salt than proteins where 

coacervation with a strong polyelectrolyte was 

driven by the presence of an ionic tag. These 

results suggest a range of interesting potential 

applications, from protein purification to the 

colocalization of enzymes and more. Ternary 

systems of coacervates have also been reported 

as an effective strategy for encapsulating 

proteins.
[250,324]

 

 

Rather than relying on the charge of the protein 

itself to drive coacervation, the use of a ternary 

system of proteins and polymers allows for the 

initial formation of an intermediate complex 

between the protein of interest and an oppositely-

charged polyelectrolyte, the overall charge of 

which is dominated by the polyelectrolyte. 

Coacervation is then induced by the addition of a 

second polyelectrolyte, which interacts directly 

with the intermediate complex (Figure 27).
[250] 

While a broad exploration of ternary 

composition space has not been performed, 

preliminary reports suggest a trade-off between 

encapsulation efficiency and total protein 

loading, as would be expected given the need to 

maintain charge neutrality in the coacervate 

phase. Further exploration of ternary 

composition space represents an exciting area for 

further investigations. 

 

 

Figure 27: Encapsulation of bovine serum albumin (BSA) into a coacervate. Positively-charged 

poly(L-lysine) (PLys) is added to the negatively-charged protein to form an intermediate 

complex. Negatively-charged poly(D,L-glutamate) (PGlu) is then added to form the complex 

coacervate. This figure was reproduced from Black, K. A.; Priftis, D.; Perry, S. L.; Yip, J.; Byun, 

W. Y.; Tirrell, M. Protein encapsulation via polypeptide complex coacervation. ACS Macro Lett., 

3 (10), 1088−1091, 
250

 Copyright 2014, American Chemical Society. 
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7.2. Delivery Platforms.  Building on the 

strengths of complex coacervation for 

encapsulation, several examples of ionically 

cross-linked colloidal polyelectrolyte (PE) 

coacervates-mostly conceived for biomedical 

applications-are reported in the literature. More 

recently, systems of complex coacervation have 

been explored for drug delivery using such 

naturally occurring polymers as alginate, 

chitosan, and heparin.
[325,326]

 For instance, 

chitosan/nucleic acid polyplexes were designed 

for the in vitro delivery of RNA or DNA in 

mammalian cells.
[327-329] 

Similarly, hybrid 

PEGylated nanoparticles formed via the complex 

coacervation mechanism have been shown to 

enhance the in vivo gene transfection efficiency 

compared with traditional carriers.
[330] 

On the 

other hand, protein encapsulation via polypeptide 

complex coacervation has been recently reported 

with the aim of delivering protein 

therapeutics.
[250] 

The ability of complex 

coacervates to contain high concentrations of 

aggregation-free and fully active proteins has 

been exploited in the formulation and delivery of 

growth factors and monoclonal antibodies. Li et 

al.
[331] 

showed the use of zein−chitosan complex 

coacervate particles in the slow release of 

curcumin. Zein−chitosan complex coacervation 

was studied by Ren et al.
[332]

 to investigate the 

effect of ultrasound frequency in the 

encapsulation of resveratrol. Thermodynamics 

and wetting kinetics of zein coacervate was 

studied by Li et al.
[333] 

Their study also revealed 

the formation of zein coacervate in a 

water/propylene glycol solvent and its ability to 

encapsulate limonene. Injectable hydrogel 

coacervate was used by Lee et al.
[334]

 for the 

delivery of anticancer drug bortezomib. Huei et 

al. 
335

 have reported iron cross-linked 

carboxymethyl cellulose complex coacervate 

beads for the sustained release of ibuprofen drug. 

Chenglong et al.
[336]

 reported a dextran-based 

coacervate nanodroplet as potential gene carriers 

for efficient cancer therapy. A water-soluble 

starch derivative anionic and cationic polymer 

that undergoes nanoparticle formation via 

coacervation was reported by Barthold et al.
[337]

 

The group discussed the potential use of the 

nanoparticles in pulmonary delivery of 

protein/peptides. 

 

From a delivery standpoint, bulk and hydrogel-

like coacervate-based materials are typically the 

most useful in circumstances that allow for 

bolus-style delivery (i.e., direct application or 

injection of the material to the site of interest). 

For example, coacervate-based hydrogels 

composed of alginate and chitosan were shown 

to enhance the proliferation of cells in vitro 

while accelerating healing efficiency and wound 

closure in a rat model.
[338] 

In another series of 

reports, the cationic polymer poly(ethylene 

argininylaspartate diglyceride) (PEAD) was used 

in concert with the glycosaminoglycan heparin to 

form coacervate-based delivery vehicles that take 

advantage of the strong binding affinity between 

heparin and various growth factors to enable 

cargo encapsulation and protection. Applications 

included the use of heparin-binding epidermal 

growth factor-like growth factor (HB- EGF) to 

accelerate wound healing,
[339] 

fibroblast growth 

factor-2 (FGF2) to enhance angiogenesis in both 

surface wounds and after myocardial infarction 

(Figure 28),
[340,341] 

stromal cell-derived factor 

(SDF)-1a for vascular regeneration,
[342] 

bone 

morphogenetic protein-2 for stem cell 

differentiation and bone formation,
[343] 

nerve 

growth factor (NGF) for nerve regeneration,
[344]

 

and the anti- inflammatory cytokine interleukin-

10 (IL-10).
[345] 
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Figure 28: Comparison of H&E (scale bar is 1 mm) and α-actinin (scale bar is 50 μm) stained 

tissues for infarcted myocardium receiving treatments of saline, [PEAD:Heparin], free FGF2 and 

FGF2 coacervate. Application of the coacervate FGF2 formulation significantly reduced the 

infarct area, preventing ventricular dilation and preserving cardiac fibers, compared with the 

other treatment strategies. α-actinin stained tissues demonstrate enhanced preservation of 

cardiomyocites in the infarct zone for the FGF2 coacervate treatment. This figure was 

reproduced from Chu, H.; Chen, C.-W.; Huard, J.; Wang, Y. The effect of a heparin-based 

coacervate of fibroblast growth factor-2 on scarring in the infarcted myocardium. Biomaterials, 

34 (6), 1747–1756,
[341]

 Copyright 2013, with the permission of Elsevier Ltd. 

 

While exploring the efficiency of coacervates in 

drug delivery, a very interesting work was 

carried by Lim et al.
[346]

 They showed that a 

Humboldt squid beak-derived biomimetic 

peptide coacervate can be used for encapsulating 

insulin with high efficiency along with its 

controlled release. Chitosan-based coacervates 

for propolis encapsulation and its release and 

cytotoxic effect was reported by Sato et al.
[347]

 

The lack of organic solvents in coacervation has 

added benefits in the context of drug delivery, 

beyond those related to the gentle encapsulation 

of biomolecules. Drug delivery platforms 

typically address multiple challenges, including 

(i) protection and/or isolation of the cargo, (ii) 

enabling targeted delivery and uptake into the 

cells or tissues of interest, and (iii) controlled 

release of therapeutics over time. A variety of 

reports have demonstrated the efficacy of 

coacervation as the basis of a drug delivery 

platform, taking advantage of the flexible and 

modular capabilities of charge-driven self-

assembly to address each of these challenges. 

Reports of coacervate-based platforms for gene 

delivery include bulk complexes
[348-351] 

and 

micellar
[352-358] 

systems for the delivery of 

plasmid DNA, microRNA,
[353] 

and siRNA
[226]

 

(small interfering RNA). Specific diseases 

targeted by these approaches include 

atherosclerosis
[353]

and cancer.
[358] 

 

The issue of cargo protection is often coupled 

with strategies to facilitate cellular uptake. For 

instance, the vast majority of non-viral strategies 

for gene delivery rely on electrostatic complex 

formation between the negatively-charged DNA 

or RNA and a positively-charged carrier 

polymer, surfactant, or lipid.
[359-362]

 Such 

complexation helps to protect against attack from 

nucleases.
[354,355]

 The positively-charged carrier 

materials also help to facilitate cellular uptake by 

masking the negative charge of the DNA or 

RNA363 and facilitating an attractive interaction 

with the negatively-charged cellular 

membrane.
[364] 

 

While the idea of targeted delivery is typically 

associated with medical applications, food 

scientists have recently begun to adapt older 

concepts where complex coacervation has been 

used to entrap flavors and oils for the delivery of 

proteins, nutraceuticals, and other water-soluble 

actives.
[365-367] 

Just as delivery platforms in 

biomedicine can be harnessed to facilitate 

uptake, materials design strategies are being 

utilized to enable more efficient absorption of 

nutrients, vitamins, and antioxidant molecules 

during digestion.
[292,293] 

Here, the design 
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parameters are limited in terms of 

biocompatibility, the availability of bulk 

quantities of food-grade, cost, and the need to 

generate a delicious product. 

 

7.3. Adhesive Technology.   Adhesive 

technology, despite being known and exploited 

since the middle Pleistocene is rarely applied 

when dealing with adverse environments.
[368]

 

Most commercially available adhesives fail to 

offer a proper performance in wet and dynamic 

environments and do not achieve the required 

bonding strength.
[369,370] 

Many surgical 

procedures are performed worldwide and the 

number continues to grow every year. In a recent 

study, over 300 million surgeries were 

performed in 2012; an increase of 33.6% over 

the last 8 years.
[371,372]

 Currently, no tissue 

adhesive has been approved for clinical use that 

complies with all the requirements, including: 

easy delivery, fast setting time, strong adhesive 

and cohesive properties, and 

biocompatibility.
[373,374]

 Due to these difficulties, 

in medicine, adhesive technology has been 

applied primarily for stopping bleeding and 

gluing skin externally, while current surgical 

closure techniques involve the use of invasive 

techniques like sutures, staples, or clips, which 

often result in secondary tissue damage, 

microbial infection, fluid or air leakage, and poor 

cosmetic outcome.
[375] 

The development of 

effective surgical glues would dramatically 

reduce the incidence of such complications. A 

different, largely unexplored, strategy for the 

development of surgical glues is based on 

complex coacervation,
[376-382]  

which is involved 

in the processing of natural adhesives employed 

by several organisms to attach to different 

surfaces underwater.
[383-385]

 Coacervate-based 

adhesives were first observed in natural systems, 

such as the sandcastle worm and mussels. In the 

case of sandcastle worms and mussels, the 

coacervation phenomenon was found to play an 

important role in the formation of adhesive in a 

wet environment.
[386-389]

 

 

Complex coacervates as being polymer-rich, 

water-insoluble complexes of oppositely charged 

polyelectrolytes with a low surface tension that 

makes them compliant with surfaces. 
86, 271

 After 

delivery, additional interactions need to be 

introduced to transition the viscous liquid into a 

strong and tough material to prevent flow under 

an applied stress.
[390]

 Work on 

biomacromolecule-based complex coacervates 

has revealed that they have great potential as wet 

adhesives.
[252, 278]

 Several research groups have 

employed the electrostatic interactions of 

complex coacervation to fabricate viscous glues, 

most of which set underwater due to covalent 

cross-linking reactions, providing the strength 

required to oppose detachment.
[391-396]

 The higher 

water content of coacervates is due to the 

hydration of excess small ions. For all water-

containing adhesives, the adhesive performance 

and the mechanical properties heavily depend on 

water content. The optimization of the water 

content and, consequently, of the polymer 

concentration is necessary to enhance the 

adhesion performance. For instance, commercial 

poly(ethylene glycol) (PEG)-based glues, such as 

DuraSeal and CoSeal, bind to tissues with a low 

adhesive strength, which is mainly attributable to 

the high water content, ranging from 90% to 

99% w/v.
[397]

 Water may also act as plasticizer, 

which can improve the adhesion 

performance.
[398] 

Feldstein et al. studied how 

water content affects the adhesive properties of 

poly(N-vinylpyrrolidone)−poly(ethylene glycol) 

(PVP−PEG)blends.
[399-400]

 By increasing the 

content of PEG, the water content increased and 

adhesion was enhanced, enabling the material to 

sustain higher deformations without considerably 

affecting the ultimate tensile strength. The 

optimal performance, in terms of peel force, was 

observed when the PEG concentration was 

increased to 36%, with the mode of failure 

transitioning from adhesive to cohesive, allowing 

fibrillation within the material. 

 

More recently, attempts to develop an effective 

underwater adhesive have been made using 

complex coacervates that are based on 

recombinant mussel adhesive proteins (MAPs) 

due to the water immiscibility of complex 

coacervates and the adhesiveness of MAPs.
[401]

 

Lim and co-workers developed MAP-based 

encapsulated coacervates as smart tissue 

adhesives with drug carrier ability. In this study, 

an adhesive was formed by complex 

coacervation between cationic recombinant 

hybrid MAPs (fp-131 or fp-151) and the anionic 

hyaluronic acid (HA). The bulk adhesive 

strengths of coacervates were twice as strong 

compared to the protein itself on aluminum 

substrates.
[402] 

Cha and co-workers used the 

recombinant expression method to obtain rfp-1 

MAP (AKP- SYPPTYK) for hydrogel formation 

by coordination (Fe
3+

) or covalent cross-linking 

(NaIO4). The hydrogel system showed 

maximum adhesion strengths of ∼130 and ∼200 

kPa when cross-linked with Fe
3+

 and NaIO4 

respectively. The difficulty in synthesizing the 

rfps in bulk limit the clinical application of these 

adhesive hydrogels.
[403]

 In another study, they 

engineered a residue-specific DOPA-

incorporated recombinant mussel adhesive 

protein (dfp-3 and dfp-5) with DOPA content up 

to 23 mol%. The recombinant protein showed 

strong dry and underwater adhesion along with 
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significant water resistance.
[404]

 They also 

developed a light-activated, mussel protein-based 

bioadhesive (LAMBA) hydrogel using a photo-

oxidative reaction in the presence of blue light 

involving Ru(II)bpy3
2+

 as the activator and 

sodium persulfate (SPS) as the oxidizing agent 

with recombinant MAP. LAMBA demonstrated 

strong adhesion to wet porcine skin and also 

promoted wound healing in addition to wound 

closure in a rat model.
[405]

 Lu and co- workers 

developed a hybrid molecular adhesive by fusing 

Mfps found in DOPA from mussel adhesives 

with the CsgA proteins found in the amyloid-

based adhesives in E. coli (monomeric, CsgA-

Mfp3; Mfp5-CsgA and copolymer constructs, 

(CsgA- Mfp3)-co- (Mfp5-CsgA)) (Figure 29). 

The molecular hybrid self-assembled in which 

the β-sheet amyloid protein formed the core, 

whereas the disordered Mfps were exposed on 

the exterior. The (CsgA-Mfp3)-co-(Mfp5-CsgA) 

copolymer demonstrated impressive adhesion 

energy of 20.9 mJ/m2, which made it a strong 

competitor for application in medical 

adhesives.
[406]

 

 

 
Figure 29: (a-c) Genetically engineered molecular hybrids of mussel adhesive proteins (Mfps) 

and amyloid-based adhesive proteins in E. coli (CsgA). (d) Adhesive molecular hybrids self-

assemble with β-sheet amyloid protein forming the core and the Mfps flanking the exterior. 

http://www.nature.com/nnano/index.html. This figure was reproduced from Zhong, C.; Gurry, 

T.; Cheng, A. A.; Downey, J.; Deng, Z.; Stultz, C. M.; Lu, T. K. Strong underwater adhesives 

made by self- assembling multi-protein nanofibres. Nat. Nanotechnol., 9 (10), 858− 866,
[406] 

Copyright 2014, with the permission of Nature Publishing Group. 

 

Biomimetic adhesives is another class of tissue 

adhesives inspired from the examples of 

adhesion in nature and rapidly gaining 

momentum in the field of biological adhesives. 

Stewart and co-workers described an 

electrostatically driven coacervate formation by 

using alternating anionic and cationic block 

copolymers. As a mimic of caddisfly silk, these 

block copolymers are functionalized with amine, 

phosphate groups, divalent cations, and also 

dihydroxyl aromatic groups for oxidative cross-

linking.
[407]

 
 

The main biomedical areas for such adhesives 

include bone,
[278, 408]

 cartilage,
[409,410]

 and tissue 

repair,
[408, 410-416]

 as well as implants.
[417]

 For 

example, coacervate-based adhesives composed 

of poly (acrylamide-co-aminopropyl 

methacrylamide)-poly (ethylene glycol 

diacrylate) and poly (2- (methacryloyoxy) ethyl 

http://www.nature.com/nnano/index.html
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phosphate dopamine methacrylamide)-poly 

(ethylene glycol diacrylate) were used in vitro to 

seal an iatrogenic defect in a fetal membrane 

patch. The adhesives were able to function, as 

well as withstand traction and turbulence without 

leakage of fluid or slippage.418 Cytotoxicity 

tests revealed the adhesive to be non-toxic and 

may help prevent iatrogenic preterm premature 

rupture of the membranes.
[418]

 In another 

example, craniofacial reconstruction via a non- 

cytotoxic coacervate adhesive of gelatin and 

phosphodopamine in rats was conducted (Figure 

30).
[278]

 The adhesive was used to attach a piece 

of circular bone in the skull and, after recovery 

from anaesthesia, were allowed to move freely. 

The adhesive was observed to effectively hold 

the bone in place despite free movement of the 

animals. Furthermore, as the adhesive material 

was resorbed by the body, it was replaced by 

new bone without affecting alignment.
[278]

 

Though these and other examples have 

demonstrated the potential for coacervate-based 

adhesives, further in vivo testing and ultimately 

clinical experiments are still needed to fully 

validate their safety and efficacy.
[410]

 However, 

one particular advantage of bio-inspired 

coacervate-based adhesives would be the 

potential for repairing tissue and bone without 

the need to remove the adhesive at a later time. 

 

 
Figure 30: Adhesive complex coacervate adhesive analysis on skull surface (left) and CD68 

immunoreactivity (green) associated with adhesive (red). Scale bars represent 500 μm. This 

figure was reproduced from Winslow, B. D.; Shao, H.; Stewart, R. J.; Tresco, P. A. 

Biocompatibility of adhesive complex coacervates modeled after the sandcastle glue of 

Phragmatopoma californica for craniofacial reconstruction. Biomaterials, 31 (36), 9373–9381,
[278] 

Copyright 2010, with the permission of Elsevier Ltd. 

 

Our knowledge of underwater adhesion is still 

quite limited and considerable efforts are being 

invested to study adhesion in natural systems. 

Deeper understanding of the interplay of 

environmental and chemical factors, chemistries, 

and mechanisms of natural adhesion will open 

numerous possibilities for further advancement 

in biomimetic tissue adhesives. Currently, 

biomimetic adhesives involve coacervate 

formation or functionalization with an adhesive 

group like DOPA, catechol, or phosphates.
[419,420]

 

Although these strategies have shown 

satisfactory adhesion under dry conditions, they 

often tend to fail under humid and/or wet 

conditions.
[421]

 

 

Recent studies have looked at incorporating a 

range of cross-linking chemistries to strike a 

balance between the adhesive and cohesive 

strengths (see above). Despite such extensive 

research on tissue adhesives, we have been 

unsuccessful in developing adhesive mimics 

capable of rivaling natural adhesives that are 

scalable, nontoxic, biocompatible, easy to use 

and degradable. There is still a need to explore 

the effect of backbone chemistry, polymer 

hydrophilicity/hydrophobicity, combination of 

different amino acids, and charged side groups 

on adhesion strengths. It is also necessary to 

widen the scope of adhesives beyond tissue 

adhesion toward drug delivery, tissue grafts, 

wound healing, and tissue reconstruction via 
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addition of peptides. In addition, long-term 

studies and clinical trials are essential before 

these adhesives can be realized in medical or 

surgical applications. 

 

Another focus of future work should be to better 

understand processing methods used by marine 

creatures to store, process, and deliver the 

adhesive to the interface. Indeed, biomimicry of 

sandcastle worm complex coacervate formation 

is an early example of this. However, further 

research into coacervate formation is necessary 

to relate phase behavior to mechanical properties 

as a function of pH, concentration, temperature 

and ionic strength. 

 

7.4. Protocells and Membraneless Organelles.  

Complex coacervation has a long history in the 

field of cell biology. The first protocells may 

have been complex coacervates of abiotic 

macromolecules that served as liquid containers 

for early anabolic processes.
[422] 

Historically, one 

particularly contentious topic surrounding 

complex coacervation was the potential for these 

phase-separated compartments to serve as a type 

of protocell that could form the basis for the 

evolution of life.
[47,53,423-430]

 Despite this 

hypothesis, originally put forth by Oparin,
[425, 430-

432]
 has had on many studies on the origin of life, 

the importance of coacervates declined rapidly, 

mainly because it seemed in stark contrast with 

the presence of well-defined membranes that 

separate cells from the outside world as well as 

those that separate the cellular interior into 

organelles. It is only over the past few decades 

that evidence has accumulated observing the 

existence of organelles not enclosed in 

membranes, 50 so much so that membraneless 

organelles (MLOs) are now considered essential 

components of eukaryotic cells.
[433-435]

 They have 

been shown to constitute a more dynamic way to 

sequester (sometimes temporarily and reversibly) 

cellular components from the rest of the cell. 

Membrane and MLOs can be respectively 

assimilated by analogy to a grape (membrane 

organelle) that encloses its seeds and to oil 

droplets in an aqueous solution (MLOs). These 

findings have thus renewed broad interest in 

Oparin‘s proposal
[436] 

and have led to new 

experimental efforts to address the origin of life. 

For instance, in 2019 Jia et al. started with 

prebiotically available α-hydroxy acids and 

prepared polyester droplets that would segregate 

proteins and RNA in a fashion  compatible with 

origin-of-life conditions.
[437]

 More recently, it 

was shown that phase separation may help in 

transforming abiotic ornithine residues into 

arginines, thus allowing the formation of a 

dsDNA-binding protein.
[438]

 In modern cell 

biology, regulated intracellular liquid–liquid 

phase separation of bio- macromolecules is 

known to play fundamental roles in organizing 

the cytoplasm, assembling transient signaling 

complexes, and sequestering metabolic 

pathways.
[439] 

 

In the past few years, coacervate research has 

seen a tremendous development, in part inspired 

by the rapid advances in the field of MLOs and 

the need for model systems that are simple 

enough to allow systematic and quantitative 

investigation of MLO characteristics. MLOs 

represent a rich and still poorly understood 

variety of phase-separated subcellular structures 

such as the nucleolus and germ granules.
[61, 440-

442]
 These indispensable organelles are formed as 

a result of liquid−liquid phase separation 

(LLPS), primarily by the process of complex 

coacervation, i.e., interactions between charged 

polyelectrolytes such as proteins and nucleic 

acids.
[61]

 MLOs exhibit liquid-like material 

properties
[443]

 and tend to be highly dynamic, as 

there is a continuous internal diffusive 

rearrangement of the coacervate material as well 

as an exchange of components with the 

surroundings.
[442, 444]

 A number of cytoplasmic 

and nucleoplasmic MLOs comprised of RNA 

and protein, such as nucleoli
[445]

 and P 

granules,
[442] 

have been reported to have liquid 

phase characteristics.
[440, 446-453]

 An increasing 

number of other MLOs are candidates for liquid 

phase separation, including Cajal bodies, nuclear 

speckles, para-speckles, and PML bodies in the 

nucleoplasm and stress granules and germ 

granules in the cytoplasm.
[454,455]

 Since 

coacervates and most MLOs are both formed 

through liquid-liquid phase separation, driven by 

the same attractive interactions, coacervates have 

a clear potential to mimic material properties, 

hierarchical organization, and sequestration of 

MLOs. This has inspired scientists to utilize the 

self-assembling and crowded nature of 

coacervates to engineer synthetic cells
456

 and 

artificial organelles,
[439, 457,458]

 which are capable 

of mimicking specific biological features 

including compartmentalization and 

communication.
[459,460] 

 

Beyond the historical debate, phase-separated 

and coacervate-like materials have been 

increasingly discussed in the context of cellular 

compartmentalization. Improvements in 

microscopy and labelling strategies has led to the 

discovery of a tremendous range of 

membraneless cellular compartments that 

harness liquid-liquid phase separation to drive 

functionality. Such compartmentalization has 

been typically associated with interactions 

between intrinsically disordered proteins (IDPs) 
and oligonucleotides. The formation of stress 



www.ejbps.com    │     Vol 10, Issue 4, 2023.     │      ISO 9001:2015 Certified Journal      │ 

 

Roy.                                                        European Journal of Biomedical and Pharmaceutical Sciences 

  

 

 

 

35 

granules has been observed as a mechanism for 

cells to arrest certain metabolic pathways while 

retaining the enzymatic machinery for later 

use.
[461]

 Granule formation has also been 

associated with loci of transcription
[440,462–465]

 

and ribosome biogenesis, such as nucleoli 

(Figure 31a,b).
[173,440]

 Compartmentalization also 

enables passive noise filtration, which can 

further help to increase the predictability of 

transcriptional outputs.
[465]

 

 

In addition to the potential benefits of 

compartmentalization, aberrant phase transitions 

have also been correlated with disease states. 

FUS is a prion like IDP associated with the 

neurodegenerative disease ALS that has been 

shown to form liquid compartments as a result of 

stress and/or DNA damage. However, aging 

experiments demonstrated that mutations in FUS 

associated ALS resulted in an accelerated liquid-

to-solid transition (Figure 31c).
[466]

 

While it 

should be noted that complex coacervation is not 

the driving force behind the formation of all 

membraneless organelles,
[173]

 

there is tremendous 

potential for parallel scientific exploration in the 

space between pure biology and pure materials 

science. 

 

 
Figure 31: (a) Differential interface contrast (DIC) and fluorescence micrographs of a HeLa cell 

expressing Ddx4
YFP

. Ddx4
YFP 

forms dense, spherical organelles in the nucleus. Cells were stained 

with antibodies to visualize nucleoli, PML bodies, nuclear speckles, and Cajal bodies. This figure 

was reproduced from Nott, T. J.; Petsalaki, E.; Farber, P.; Jervis, D.; Fussner, E.; Plochowietz, 

A.; Craggs, T. D.; Bazett-Jones, D. P.; Pawson, T.; Forman-Kay, J. D.; Baldwin, A. J. Phase 

Transition of a Disordered Nuage Protein Generates Environmentally Responsive Membraneless 

Organelles. Mol. Cell, 57 (5), 936−947,
[440]

 Copyright 1969, Elsevier; (b) Time-lapse imaging of a 

nuclear body assembly in transiently transfected HeLa cells expressing Nephrin intracellular 

domain (NCID). Scale bar represents 5 μm. This figure was reproduced from Pak, C. W.; Kosno, 

M.; Holehouse, A. S.; Padrick, S. B.; Mittal, A.; Ali, R. Sequence determinants of intracellular 

phase separation by complex coacervation of a disordered protein. Mol. Cell, 63(1), 72–85,
[173]

 

Copyright 2016, with the permission of Elsevier Inc.; (c) Representative images of the 

morphological changes in in vitro droplets of wild-type (WT) and G156E FUS during an ―aging‖ 

experiment over 8 hr. This figure was reproduced from Patel, A.; Lee, H. O.; Jawerth, L.; 

Maharana, S.; Jahnel, M.; Hein, M. Y.; Stoynov, S.; Mahamid, J.;   Saha, S.; Franzmann, T. M.; 

Pozniakovski, A; Poser, I.; Maghelli, N.; Royer, L. A.; Weigert, M.; Myers, E. W.; Grill, S.; 

Drechsel, D.; Hyman, A. A.; Alberti, S. A liquid-to-solid phase transition of the ALS protein FUS 

  accelerated by disease mutation. Cell, 162 (5), 1066–1077,
[466] 

Copyright 2015, with the 

permission of Elsevier Inc. 

 

The compartmentalization afforded by 

coacervation can also be harnessed to define 

micro- or nanoscale reaction chambers. 

Coacervate droplets and coacervate-core 

micelles have been used to entrap enzymes to 

create nanoreactors and potentially increase the 
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reaction efficiency and/or operational stability of 

the encapsulated proteins.
[467-469] 

In one example, 

a higher thermal tolerance was achieved for 

encapsulated trypsin, along with an increased 

reaction rate when compared to native 

trypsin.
[467] 

In another example, the 

encapsulation of such constructs have the 

potential to be used to enable enzyme 

replacement therapies. Alternatively, these 

reactors can selectively uptake nanoparticles or 

other small molecules to enable in situ chemical 

synthesis.
[469,470] 

For instance, nanoreactors 

containing poly(ethylene glycol)-b-poly(α,β- 

aspartic acid) (PEG-b-PAsp) and homo-catiomer 

poly([5-aminopentyl]-α,β-aspartamide) (Homo- 

PAsp-AP) were capable of activating prodrugs 

on location at tumor tissue sites.
[469]

 

 

MLOs play versatile roles in regulating the 

cellular biochemistry, and their malfunctioning is 

associated with protein-aggregation diseases 

including Alzheimer‘s disease.
[471-474]

 With new 

examples being discovered at a rapid pace, it is 

increasingly becoming clear that liquid−liquid 

phase separation (LLPS), primarily by the 

process of complex coacervation, plays a crucial 

role in an especially wide variety of cellular 

processes such as DNA compaction and 

chromatin organization,
[475-478]

 selectively 

filtering specific biomolecules,
[479]

 stress 

regulation,
[440, 480]

 transcription regulation,
[481-484]

 

polarity establishment,
[442] 

photosynthesis,
[485]

 

endocytosis,
[486] 

cell signaling,
[487]

 and cell 

adhesion.
[488]

 While some functionalities such as 

sequestering and concentrating specific 

molecules to assist biochemical reactions are 

recurring and established themes, many other 

questions are just starting to get investigated. For 

example, it is as of yet quite unclear whether, 

and if so how, MLOs physically manipulate their 

local environment, e.g., mechanically remodel 

membranes. The interaction between MLOs and 

membranes is gathering interest but has not yet 

been widely studied. Recent work has indicated 

the role of coacervates in endocytosis and cell 

adhesion,
[488,489] 

pointing out the potential of 

MLOs in exerting forces on lipid membranes. 

 

In Caenorhabditis elegans (C. elegans), the 

liquid-like P granules that act as  mRNA 

exporters have been reported to directly wet the 

nuclear membrane,
[490] 

possibly enhancing 

transport. Membrane-bound phase-separated 

protein cluster shave also been shown to be 

involved in a variety of signaling pathways, 

modulating signal transduction as well as 

recruiting cytoskeletal elements.
[405,491-494]

 These 

recent studies indicate previously unknown roles 

served by MLOs, including that of mechanical 

work.
[495]

 Membrane-bound coacervates could 

serve as localized sites for the production of 

lipids or membrane proteins and could, due to 

their strong interaction with the membrane, 

perhaps even be engineered for transmembrane 

transport that would otherwise require 

complicated machinery. Future research on 

coacervate−membrane interactions could 

produce more refined manifestations of the 

interplay between cell-sized compartments and 

condensates. However, most contemporary 

coacervate models lack the  chemical  and 

compositional richness of MLOs, which explains 

why there remains a gap between coacervates in 

MLOs in terms of selectivity, regulation, and 

metastability. We need to identify some intrinsic 

limitations of coacervates and the current gaps 

between coacervates and MLOs, which will 

hopefully inspire future research. Most 

coacervate models are based on compositionally 

simple components whose phase separation is 

driven by a single type of interaction (e.g., 

charge complexation). They lack the chemical 

and compositional richness of many MLOs, 

which often contain many co-assembled 

proteins, each with a unique arrangement of 

amino acids and potential for interactions. This 

complexity explains, to a large extent, the 

superior selectivity, actively regulated formation 

and dissolution, and even the metastability seen 

in some MLOs. In order to mimic these features 

of MLOs better, reconstituted and designer 

proteins are being used to successfully create in 

vitro droplets with the same molecular 

composition as MLOs.
[496, 497] 

Using principles 

from polymer coacervation, a wide range of de 

novo synthetic peptides were designed with 

tunable coacervation properties. By 

systematically analyzing the coacervate phase 

behavior, Dzuricky
[498]

 provide fundamental 

insights into the link between sequence and 

coacervate properties, bridging the gap between 

condensates in vitro and in vivo. With increasing 

complexity, the boundaries between coacervates 

and (artificial) MLOs slowly fade away, and the 

more protein-based coacervate droplets will be 

capable of mimicking the characteristics of 

MLOs. By using such a bottom-up approach, we 

will be able to establish which level of 

complexity is required to mimic each property of 

an MLO. 

 

Additionally, one crucial aspect that has so far 

been lacking in almost all in vitro models is the 

out-of-equilibrium nature of the cellular 

environment. Cells are fundamentally active, and 

a constant turnover of chemical energy governs 

the formation, stability, and arrangement of 

cytoskeletal structures, protein complexes, and 

also MLOs. Active processes can keep droplets 

stable or proteins soluble,
[499]

 and they can 
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literally shape MLOs
[500,501]

 and alter their 

physical state by fluidization. Recapitulating 

these processes in coacervate models to 

understand the underlying physical effects is a 

major challenge for the coming years, of which 

the first steps are being made. Spoelstra
[502]

 

described an alternative strategy to use a UDP-

polymerizing enzyme to create enzyme-

controlled active coacervates, and the first study 

in which transient, nonspherical  coacervate  

shapes  are  reported, depending on enzyme 

activity. Additionally, Donau
[503] 

reported active 

peptide-RNA coacervates that are formed 

transiently upon the addition of a carbodiimide 

chemical fuel. This is the first report of enzyme-

free active coacervate droplets, which display 

emerging self-dividing behavior shortly before 

they dissolve. 

 

7.5. Coacervate Rheology: Applications of 

Dynamics.  There has also been increasing 

interest in understanding the rheological 

properties of coacervates
[504,505]

 in order to 

improve and optimize applications. For this 

purpose, a series of biopolymers
[506,507]

 and/or 

synthetic polymer systems 508 have been 

considered previously. Complex coacervates 

typically exhibit a viscoelastic response,
[509]

 and 

rheological studies have shown that the 

viscoelasticity and viscosity of coacervates are 

affected by a number of parameters, including 

salt concentration, mixing stoichiometry, and 

chain length.
[128, 271]

 

 

7.5.1. Encapsulation and Release.  In addition to 

characterization of the properties of the base 

material, rheology has been used to understand 

the impact that a guest molecule has on the 

structure of a complex coacervate. Tiwari et al., 

examined both the encapsulation and release of 

salbutamol sulfate, a bronchodilator used in the 

treatment of asthma and other chronic airway 

diseases, from coacervates formed from a pair of 

protein molecules, gelatin-A and gelatin-B.
[510]

 

Linear viscoelastic characterization showed that 

drug encapsulation caused a significant decrease 

in the storage modulus (G‘), suggesting that the 

coacervate matrix was disturbed and weakened 

by the presence of the drug, and a slight increase 

in the loss modulus (G‖), suggesting a 

commensurate fluidization of the material. Such 

changes in material properties can be critical for 

modeling of release processes for more advanced 

therapeutics. 

 

7.5.2. Connection to Layer-by-Layer Films and 

solid PECOX. The associative electrostatic 

interactions driving complex coacervation are an 

obvious parallel to those used to drive the 

formation of layer-by-layer (LbL) films.
[211-213]  

LbL films are assembled by the sequential 

deposition of oppositely-charged 

polyelectrolytes on a surface.
[511] 

While complex 

coacervation is an equilibrium phase separation, 

LbL films are a kinetically-trapped assembly. 

Such films can be formed onto a variety of 

surfaces, including bubbles and droplets to create 

capsules for delivery. LbL assembly can be used 

either as a method for creating a capsule, or as a 

layered structure that allows for the direct release 

of therapeutics upon disassembly. Careful design 

of the layered structures can enable both spatial 

and temporal control over the release of 

therapeutics. Alternatively, the materials of the 

films themselves could be harnessed as active 

coatings, such as antibacterial and/or antifouling 

surfaces.
[512] 

While LbL films can be formed as 

free-standing films, they are much more 

commonly presented as coatings. However, 

recent reports have demonstrated the utility of 

bulk PECOX solids as well. PECOX may be 

extruded into large articles if sufficiently 

plasticized with salt and water (―saloplasticity‖) 

has introduced yet another processing 

dimension.
[513,514]

 This idea of salt-driven 

plasticization, or ‗saloplasticity‘ has opened up a 

tremendous range of opportunities for using salt 

to process polyelectrolyte complex materials as 

liquid coacervates, and then solidify the 

materials by the removal of salt, and a range of 

accounts describing ultracentrifuged
[515-518]

 or 

extruded materials, 513 spin-coated films,
[519,520]

 

3D printed structures,
[521]

 and electrospun 

fibers
[522,523]

 have been reported. However, thus 

far saloplastic materials have only been reported 

for synthetic polymer systems. Expanding this 

class of materials to include biopolyelectrolytes 

such as proteins, hyaluronic acid, chitosan, or 

chondroitin sulfate has tremendous potential to 

further enhance their utility. 

 

7.5.3. Self-Healing and Structural Recovery. 

Another interesting material property conferred 

by the non-covalent nature of the molecular 

interactions defining complex coacervates is the 

potential for self-healing and structural recovery 

after complete network disruption.
[505,524]

 This 

can be assayed by the application of a large 

strain (i.e., 100% oscillatory shear strain, well 

beyond the linear range for the material) to break 

the sample, followed by continuous 

measurements back in the linear strain regime to 

track the ability of the material to recover its 

original elasticity, and the requisite timescale to 

do so. An example of this type of experiment is 

given for a fish gelatin/sodium montmorillonite 

coacervate system (Figure 32).
[524]
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Figure 32: Structural recovery behavior as a function of time, assessed by monitoring G‘ after 

the application of a 100% oscillatory shear strain. The solid lines in regime III are fitting of G′ = 

G′∞ (1 − exp(t/τ)β) to the data points. The inset table lists the fitting parameters. This figure was 

reproduced from Qazvini, N. T.; Bolisetty, S.; Adamcik, J.; Mezzenga, R. Self-Healing Fish  

Gelatin/Sodium Montmorillonite Biohybrid Coacervates: Structural and Rheological 

Characterization. Biomacromolecules, 13 (7): 2136–2147,
[524]

 Copyright 2012, American Chemical 

Society. 

 

From an initially high value for the equilibrium 

storage modulus (G‘), the application a high 

strain decreases the modulus of the material, 

breaking the internal elastic network of 

electrostatic interactions and converting it into a 

liquid-like material. Five minutes after the 

application of this high strain, the sample was 

able to recover 20-30% of its original modulus – 

a process that could be modeled by an 

exponential function. Examination of the effects 

network disruption in the example by Qazvini et 

al.,
[524]

 suggested that the liquid-like behavior 

was not the result of free- flowing individual 

nanoplatelets, but rather the result of domain 

fracturing. Upon removal of strain, these 

domains are then able to quickly recover the 

percolated elastic behavior of a network to give a 

solid-like response, followed by a slower 

rearrangement of the gelatin network. This self-

healing capability suggests that these types of 

materials could be easily processed as low 

viscosity materials, for example as thin films or 

injectables, followed by a recovery time to allow 

for the formation of an elastic gel. 

 

7.5.4. Microrheology Techniques.  Elbaum-

Garfinkle et al., recently reported the use of 

microrheology techniques to coacervate-like 

materials formed as a result of the self-

interaction of LAF-1, a DDX3 RNA helicase 

found in the P granules of Caenorhabditis 

elegans (Figure 33).
[525] 
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Figure 33: LAF-1 colocalizes to P granules in vivo and phase separates into droplets in vitro. (A) 

Confocal images of two-cell embryo posterior immunostained for LAF-1 (Upper Left) and PGL-1 

(Upper Right). In the dividing P1 cell, LAF-1 localizes to PGL-1–marked P granules; DAPI-

stained nucleus is included in the merged image. (B) DIC image of phase separated LAF-1 

droplets. (C) Protein/NaCl concentrations scoring positive (green circles) or negative (red 

squares) for optically resolvable droplets are plotted, resulting in a phase boundary (line drawn 

to guide the eye). (D) The protein concentration in the dilute phase (●) is plotted for varying total 

protein concentrations (○) at three different salt concentrations. For all conditions, the 

concentration of the dilute phase falls directly onto the LAF-1 phase boundary from C (solid 

line). This figure was reproduced with permission from Elbaum-Garfinkle, S.; Kim, Y.; 

Szczepaniak, K.; Chen, C. C.; Eckmann, C. R.; Myong, S.; Brangwynne, C. P. The disordered P 

granule protein LAF-1 drives phase separation into droplets with tunable viscosity and 

dynamics. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (23), 7189-7194.
[525] 

 

Here, confocal fluorescence microscopy was 

used in conjunction with particle tracking 

methodologies to measure the viscosity of 

coacervate-like droplets of LAF-1 both with and 

without RNA. A more detailed treatment of this 

type of microrheological characterization is 

beyond the scope of the current work. However, 

adoption of these types of techniques has the 

potential to enable the analysis of a vast array of 

coacervate-based materials that would otherwise 

be inaccessible to larger-scale rheological 

measurements. 

 

7.6. Medical Science. To relate complex 

coacervation to medical science, disruption of 

normal intracellular complex coacervation, or 

gain of function mutations leading to abnormal 

complex coacervation, can cause disease. 

Benedek
[526] 

used the term ―molecular 

condensation disease‖ to broadly describe 

cataracts and other pathologies associated with 

abnormal protein phase separation. ―Cold‖ 

cataracts are the reversible opacification of the 

lens by liquid–liquid phase separation of 

cytoplasmic crystallin proteins. As another 

example, the leading cause of fronto-temporal 

dementia may be a protein condensation disease 

caused by mistranslated arginine-rich dipeptide 

repeat proteins that insert or dissolve into liquid 

phase- defined intracellular compartments, 

disrupting their normal function.
[527]

 

Conceivably, better understanding of the 

physical chemistry of complex coacervation of 

biomacromolecules and the role of specific 

functional groups could lead to treatments for 

pathological intra- cellular phase separations. 

 

Abnormal accumulation of TAR DNA-binding 

protein43 (TDP-43) is a pathological hallmark of 

amyotrophic lateral sclerosis (ALS), a fatal 

neurodegenerative disease characterized by a 

selective loss of motor neurons, and a subtype of 

frontotemporal lobar degeneration (FTLD-

TDP).
[528]

 Recently, a number of studies revealed 

that many kinds of RNA-binding proteins 

(RBPs), including TDP-43, spontaneously 

develop granule-like structures via a liquid–

liquid phase separation (LLPS) 

mechanism.
[529,530]

 LLPS is a process in which 

proteins and nucleotides abruptly segregate into 

two distinct phases, enabling the formation of 

intracellular membrane-less organelles,
[531]

 such 

as p-bodies
[532] 

and stress granules.
[533,534]

 Under 

physiological conditions, LLPS enables to 

achieve high local concentrations for molecular 

interactions and rapid chemical reactions, and 

allow fast changes of molecules upon signaling 

for facilitating various intracellular biological 

processes, e.g., transcriptional regulation and 

signal transduction.
[535] 

However, once excess 

amounts of proteins are accumulated together 

with dysregulation of LLPS, the complexes 

quickly transform into pathological inclusions 

that are often found in neurodegenerative 
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diseases
[536,537]

 ALS causative gene products, 

including FUS, TIA-1, and, of course, TDP-43, 

are proposed to form aggregates via LLPS. 

Consistent with this hypothesis, recent studies 

have discovered that optical multimerization of 

cytoplasmic TDP-43 induces the aggregation and 

sequestration of endogenous nuclear TDP-43 

into the cytoplasmic aggregates that are 

dependent on LLPS.
[538,539]

 As shown in Figure 

34 A, B, 1,6-hexanediol (1,6-Hd) drastically 

dissociated the cytoplasmic aggregates of RBPs, 

mutant FUS and TIA1. Consistent with the 

decreased number of RBPs-induced aggregates, 

sequestration of TDP-43 into the aggregates was 

also significantly prevented (Fig. 4C). These 

observations suggest that LLPS drives the 

cytoplasmic co-aggregation of RBPs and TDP43. 

In contrast, 1,6-Hd did not influence either the 

number of aggregates of microtubule-related 

proteins (MRPs; mutant PFN1 and UBQLN2) or 

coaggregates with TDP-43 (Fig. 34A–C), 

suggesting that a mechanism independent of 

LLPS drives the co-aggregation of MRPs and 

TDP-43. 

 

 

 
Figure 34: Liquid–liquid phase separation (LLPS) is involved in RBPs-induced TDP-43 co-

aggregation. Administration of 1,6-hexanediol (1,6-Hd), an inhibitor of LLPS, dissociated TDP-

43 co-aggregates with RBPs but not with MRPs in Neuro 2a (N2a) cells expressing TDP-43
ΔNLS

-

EGFP. Representative images are shown in A. Both the ratio of the cells with TDP-43 aggregates 

(B) and TDP-43 co-aggregation (C) were reduced, specifically in the cells expressing RBPs with 

1,6-Hd. Arrowheads indicate co-aggregates of the RBPs and MAPs with TDP-43
ΔNLS

 

-EGFP. 

Whereas, asterisks indicate the cells without co- aggregates of the RBPs by the 1,6-Hd treatment. 

More than 50 cells in each condition were analyzed for the quantification. Data are expressed as 
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mean ± SEM (n = 3). This figure was reproduced from Watanabe, S.; Inami, H.; Oiwa, 

K.; Murata, Y.; Sakai, S.; Komine, O.; Sobue, A.; Iguchi, Y.; Masahisa Katsuno, M.; Yamanaka, 

K. Aggresome formation and liquid–liquid phase separation independently induce cytoplasmic 

aggregation of TAR DNA-binding protein 43. Cell Death Dis., 11 (10), 909 (1-15),
[540]

 Copyright 

2020, Springer Nature. 

 

The C9orf72 mutation is an expansion of a 

GGGGCC (G4C2) repeat in intron 1 of the gene. 

In unaffected individuals the G4C2 is repeated 2 

to 23 times, whereas in those with the mutation, 

the sequence is expanded to contain hundreds to 

thousands of repeats.
[541,542]

 Due to its location 

upstream of the coding region, the mutation can 

lead to a reduction in the levels of the protein 

that it encodes,
[543,544]

 which is involved in the 

regulation of endo-lysosomal trafficking and 

autophagy.
[545-547]

 However, a common finding 

from murine C9orf72 knockout models is the 

lack of neurodegeneration or TDP-43 

pathology—a key pathological feature of 

C9orf72- ALS/FTD (frontotemporal 

dementia).
[548-553]

 There is now substantial and 

clear evidence that a disruption in the phase 

separation behavior of proteins and RNA 

involved in the formation of liquid-like 

membraneless organelles explains much of the 

major pathological phenomena associated with 

C9orf72-ALS/FTD (Figure 35). Gain-of-function 

mechanisms associated with the G4C2 repeat 

expansion in C9orf72–G4C2 repeat RNA and the 

arginine rich DPRs poly-GR and poly-PR—

undergo phase separation themselves and perturb 

the phase separation of LCD (low complexity 

sequence domains) containing proteins, resulting 

in abnormal membraneless organelle formation 

and dissolution, impairing their physiological 

functions and leading to neurodegeneration. 

Further pathological phase separation induced by 

the arginine rich DPRs is strongly associated 

with TDP-43 dysfunction and aggregation, the 

major pathological hallmark of C9orf72-

ALS/FTD correlating with neuronal cell death. 

The targeting of abnormally phase separated 

condensates using small molecules or gene 

therapy provides a novel strategy for future 

therapeutics, although a greater understanding is 

needed of phase separation in order to design 

targets which are both beneficial and precise.
 [554]

 

 

 
Figure 35: How disruptions in phase separation and membraneless organelles may lead to TDP-

43 aggregation in C9orf72-ALS/FTD and possible therapeutic strategies. (1) C9orf72 arginine 

rich DPRs and G
4
C

2 repeat RNA bind nuclear pore proteins with phenylalanine rich repeats (FG 

domains) and result in nucleocytoplasmic transport dysfunction and mislocalization of TDP-43 to 

the cytoplasm. (2) Interaction between cytoplasmic TDP-43 and the arginine rich DPRs results in 

the LLPS of TDP-43 in the cytoplasm. Impaired nucleocytoplasmic transport also results in an 
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accumulation of the importin-α/β complex (the import receptor for TDP-43) in the cytoplasm 

where it is also bound by the arginine rich DPRs and results in their reduced solubility. This 

begins a vicious feedback loop as impaired nuclear import of TDP-43 further increases levels of 

cytoplasmic TDP-43, whose LLPS is potentiated by a nuclear retention of mRNA from impaired 

nuclear export. (3) Cellular stress and the direct interaction of arginine rich DPRs and G
4
C

2 

RNA with stress granule proteins (including TDP-43) promotes phase separation and the 

formation of stress granules. The arginine rich DPRs also induce condensation of importin-α/β. 

TDP-43 droplets recruit importin-α/β complexes and nuclear pore proteins further impairing 

nucleocytoplasmic transport, resulting in more TDP-43 accumulation in the cytoplasm and 

depletion of nuclear TDP-43. Both stress granule accumulation and cytoplasmic TDP-43 also 

enhance RAN translation of the arginine rich DPRs. (4) The stress granules induced by the 

arginine rich DPRs and repeat RNA have reduced dynamics which entraps TDP-43, import 

receptors and nuclear pore proteins. Persistent TDP-43 and DPR-importin-α/β droplets are likely 

to mature into more solid-like states such as hydrogels, further immobilizing these proteins. (5) 

TDP-43 in solid-like states and within stress granules, and also DPRs, mature into pathological 

insoluble aggregates which further sequester proteins involved in nucleocytoplasmic transport. 

Thus, the disruption of phase separation and membraneless organelles leads to a cascade of 

vicious feedback loops which result in depletion of nuclear TDP-43 and its accumulation and 

aggregation in the cytoplasm in disease. (6) Therapeutic targeting of stress granules by reducing 

ataxin-2 levels, manipulating post-translation modifications such as methylation of the DPRs and 

phosphorylation of TDP-43, or increasing importin-α/β to reduce excessive LLPS may enhance 

the solubility of TDP-43, help to reduce its aggregation and ameliorate the pathological cascade 

in C9orf72-ALS/FTD and other TDP-43 proteinopathies. This figure was reproduced from 

Solomon, D. A.; Smikle, R.; Reid, M. J.; Mizielinska, S. Altered Phase Separation and Cellular 

Impact in C9orf72-Linked ALS/FTD. Front. Cell. Neurosci., 15, 664151 (1-24),
[554]

 

Copyright 2021, Solomon, Smikle, Reid and Mizielinska. 

 

9. CONCLUSION AND FUTURE 

PERSPECTIVES 

In this review, we have shown that recent 

advances in the science and engineering of 

complex coacervates has provided the foundation 

for their practical use in a variety of applications, 

ranging from self-assembled, functional 

materials to tunable material encapsulants and 

industrially-practical viscosity modifiers. For all, 

little is understood about the mechanism and 

kinetics of complex coacervation, few theories 

are quantitatively supported by experiment, 

phenomenology alone fails to predict coacervate 

stability, and equilibrium behavior is sometimes 

not confirmed. Investigation of the mechanisms 

of complex formation between polyelectrolytes 

and oppositely charged colloids, and of 

coacervate structures formed at different length 

scales represents an active and important 

research area. Although mechanisms of 

coacervation have been deduced from 

observations of self-organized microscopic 

structures, the true relationship between 

coacervation mechanism and the resultant 

structure remains to be further explored. There is 

still a need for more connection between 

experimental and theoretical work. Experimental 

efforts have largely focused on phase behavior as 

the primary point of comparison, however this is 

not always a direct probe of the molecular-level 

features such as charge correlations, charge 

density effects, excluded volume, and specific 

ion effects. This makes it difficult to distinguish 

between VO theory and more sophisticated 

theories, which as a result are not often 

compared to experiment. Conversely, there is a 

need from the theoretical side to expand the 

palette of models relevant to the coacervate-

driven assembly that is at the forefront of 

experimental work in the field. Joint efforts will 

expedite the convergence on an overall picture of 

coacervation; this will hopefully enable polymer 

scientists to fully exploit their complexity to 

make truly exciting and biologically inspired 

materials. Further levels of understanding require 

incorporation of knowledge regarding the 

molecular structure of coacervate-based 

materials, and the development of more detailed 

theories and models. For example, to the author's 

knowledge the rheological behavior of 

coacervates has not been widely studied from a 

theoretical perspective. This is despite the 

regular use of rheology as a tool to characterize 

coacervates.
[112,555]

 Hybrid techniques, such as 

simultaneous small-angle X-ray or small-angle 

neutron scattering, coupled with rheology (rheo-

SAXS/SANS),
[504] 

 rheo-optics,
[141,556-558]

 

calorimetry, and/or other methods have 

tremendous potential to further expand our 

understanding of this class of materials. 

Subsequent interpretation of the resulting data 

will require the further development and 

validation of theoretical predictions to couple 

observation with molecular models. For instance, 

the systematic linear viscoelastic analysis of 

polymer chemistry effects on complex 
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coacervation would enable further testing of the 

―sticky‖ Rouse model proposed by Spruijt et 

al.
[509,558]

 Such efforts could also be coupled with 

advancements in the modeling of coacervation in 

general. 

 

It is important to note, that the vast majority of 

experimental and theoretical efforts have focused 

on understanding small-amplitude oscillatory 

shear (SAOS) data because of the strong 

theoretical background of such measurements. 

However, from an applications perspective, most 

processing operations subject materials to 

deformations that are well beyond the limits of 

linear viscoelasticity. Extension of theoretical 

treatments of polymer behavior into the non-

linear large- angle oscillatory shear (LAOS) 

regime, has tremendous potential to elucidate 

critical mechanisms related to the large-scale 

disruption and rearrangements of polymer 

networks. The application of such non-linear 

techniques to the characterization of complex 

coacervate-based materials is an open challenge 

for the future. 

 

Polyelectrolyte coacervates and complexes are a 

class of materials that are being increasingly 

used for self-assembly
[199, 555, 559-561]

 however 

there are fundamental challenges in 

understanding them from a theoretical point of 

view. Many if not most of the most pressing 

challenges in polymer modeling today affect 

have profound implications for complex 

coacervates–highly correlated electrostatics,
[190, 

562]
 multiple length scales, kinetic traps and 

glassy dynamics,
[117, 199, 563,564]

 water,
[564]

 

dielectric,
[565]

 and specific ion effects.
[10, 74, 566]

 

The diversity of modern theoretical approaches 

typically address some but not all of these issues. 

A comprehensive picture of the state of the 

theory shows that while a patchwork of many 

theories collectively captures a number of 

limiting cases, there is not a single theory 

capable of simultaneously addressing the full 

spectrum of features observed in complex 

coacervation. Ideally, such a theory would be 

able to predict coacervate properties over a broad 

range of parameters and length scales. At the 

atomistic and/or molecular level, the 

organization of charges and even solvent would 

be characterized by (for example) pair 

correlation functions. Larger length-scale effects, 

such as the overall polymer conformation, phase 

behavior, and self-assembled structures, would 

be simultaneously predicted. Out-of-equilibrium 

behavior should also be captured in a complete 

physical picture of coacervation. Finally, such a 

theory would ideally provide a consistent 

conceptual picture of coacervation that is useful 

for experimental design of coacervate-based 

materials. Looking forward, we anticipate that 

the need to reckon with the role of hydration and 

atomistic detail, the possibility of higher-order 

molecular self-assembly with sequence-defined 

polyelectrolytes, and the importance of non-

electrostatic interactions in biology are all 

emerging areas in both coacervation as well 

starting points for deeply challenging questions 

in molecular engineering and chemical physics. 

 

The cytomimetic approaches to address three 

aspects of MLOs that are still poorly understood 

are dynamic assembly, partitioning of client 

molecules and reaction kinetics inside MLOs. 

Coacervates serve as model systems to 

investigate these aspects systematically in vitro. 

However, most coacervates are still far from 

resembling cellular MLOs, and significant 

progress is needed to develop coacervate- based 

cytomimetic systems that capture the full 

complexity of spatiotemporal organization in 

cells. In particular, such studies should be used 

to shed light on three aspects of MLOs that are 

still poorly understood: (1) how can the 

assembly and dissolution of MLOs be controlled, 

(2) what rules govern the partitioning of 

biomolecules into MLOs, and (3) how are rates 

of reactions and other biochemical processes 

affected by MLOs? As multicomponent 

complexes composed of polyelectrolytes, 

biomacromolecules, or other charged species 

(e.g., DNA and RNA) become increasingly 

important in materials and biomaterials research, 

the ability to understand the complexation 

process of multicomponent mixtures and control 

the structure and properties of the resulting 

material will provide further means to enhance 

their functionality. Multicompartment 

coacervates have recently been developed based 

on ELPs with different chain lengths,
[567]

 and 

different IDPs derived from nucleoli,
[500]

 in an 

attempt to better understand the hierarchical 

organization of the numerous different 

components found in many MLOs. A related 

aspect that has not been experimentally 

addressed yet, is how different types of 

coacervates or MLOs could coexist in the same 

cytosol, without mixing,
[500, 568]

 as has long been 

known for many other multicomponent liquid 

mixtures.
[569,570]

 This could be connected to 

amphipathic biomolecules that adsorb at the 

liquid-liquid interface to stabilize it,
[567, 571]

 or to 

a continuous turnover of coacervate material, 

away from thermodynamic equilibrium, in order 

to suppress Ostwald ripening.
[572] 

Such aspects 

represent the oncoming challenges on the road to 

artificial organelles and cells. 

 

Thus, despite the extensive efforts of the 

community to date, there remain endless 
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opportunities for polymer scientists — both 

experimentalists and theorists — to find 

interesting problems the study of complex 

coacervation. 
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