
HAL Id: hal-04630174
https://hal.inrae.fr/hal-04630174v1

Submitted on 1 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Complex coacervation in heteroprotein systems:
formation mechanism, rheology, and potential

applications.
Ghazi Ben Messaoud, Rima Hachfi Soussi, Marie-Hélène Famelart, Florence

Rousseau, Pascaline Hamon, Said Bouhallab

To cite this version:
Ghazi Ben Messaoud, Rima Hachfi Soussi, Marie-Hélène Famelart, Florence Rousseau, Pascaline Ha-
mon, et al.. Complex coacervation in heteroprotein systems: formation mechanism, rheology, and
potential applications.. 10èmes Rencontres Biologie-Physique du Grand Ouest, Unités de recherche
du grand ouest qui développent des activités à l’interface Biologie – Physique et appartenant aux
universités, INRAE, CNRS et/ou INSERM, Jul 2024, Rennes, France. �hal-04630174�

https://hal.inrae.fr/hal-04630174v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


p. 1

Complex coacervation in heteroprotein
systems: formation mechanism, rheology, 
and potential applications.

INRAE, Institut Agro, UMR STLO, Rennes, 35042, France

Ghazi Ben Messaoud

RBPGO10

Rennes 2024-06-25



p. 2Introduction

PHASE BEHAVIOR OF TERNARY SYSTEM: (BIO)POLYMER A / (BIO)POLYMER B / SOLVANT

Associative liquid-liquid 

phase separation

(Bio)polymers rich phase
(Bio)polymer A  rich-phase

(Bio)polymer B rich-phase(Bio)polymers poor phase

Segregative liquid-liquid 

phase separation

➢ Food matrix: complex systems (Mixture of macro- and micro-nutriments)

COMPLEX COACERVATION

G. Ben Messaoud et al., Green Chem, 2018 
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Jing et al., Soft Matter, 2017
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Croguennec et al., Adv. Coll. Int. Sci., 2017Schlenoff et al., Macromolecules., 2019 Kaup et al., ACS Nano, 2021



p. 3Complex coacervation…a generic process

-

-
- - -

-
-

----

-

-
-

-
-

-
-

- -
-

-
-

-
-

Anionic PEC Cationic PEC Coacervates

(𝛥H driven)

Counterions release

Electrostatic interactions

(𝛥𝑆 driven)

Primary units

Alternative routes

Coalescence

Main route

Stable 
(𝚫𝝆, 𝝈)

Gelation

Hydrogen bonding

Lee et al., ACS Appl Mater Interfaces, 12 (2020)

Often…but not only!

Kim, et al., PNAS, 113(7), 2016.
Kim et al., Adv Funct Mater, 25 (2015)

𝝅 − 𝝅 Stacking
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Native proteins

Physico-chemical conditions and 
processing

Fractals Fibrilles Microgels

Food protein interactions & assemblies

➢ Formed after protein denaturation (heat, pressure, drying)

➢ Irreversible association reactions (non-covalent and covalent bounds)

➢ Inactive structures (biologically speaking) but relevant on a techno-functional 

point of view (Texturization, Stabilization of interfaces,..)

HPCC

➢ Self- or co-assembly under “mild” conditions:

➢ Reversible associations between proteins (non-covalent interactions)

➢ Flexible design (microscale, bulk, assembly-disassembly of food 

products, functional and nutritional properties) 

Assembly Disassembly
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Studied food heteroprotein systems

Factors

pH

Ionic 
strength
(molarity , 

nature of ions)

Mixing 
ratio 

(Stochiometry)

Concentrations

Structural 
properties
(conformation, 

isomerism, 
surface charge, 

charge 
anisotropy)

Formation 
time

Milk

Caseins
α-lactalbumin
Β-lactoglobulin
Lactoferrin
BSA

Egg

Lysozyme
Avidin

Ovalbumin
Ostepontin

Ovotransferrin

Animal 
skin

Gelatin type A
Gelatin type B

Plant

Pea
Rapeseed
Cruciferin

Napin
Soy 

Influencing factors
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Oppositely 
charged proteins

Elementary 
blocks = Primary 

units

Soluble 
Complexes

Nanoparticles

Coacervates

Dimers

Pentamers

Trimers (20 – 50 nm)

(2 – 10 µm)
a-Lactalbumin
/ Lysozyme

Ovalbumin / 
Lysozyme

Lactoferrin/ 
b-Lactoglobulin

Croguennec et al., Adv. Coll. Int. Sci., 2017

Salvatore et al. Biomacromolecules,  2011

Dubin et al., Biomacromolecules, 2014

Formation dynamic
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β-lactoglobuline

Séparation de phase (> μm)

Potentiel Zeta = 

- 50 mV  

Energie d’interaction : +++

Potentiel Zeta = 

+ 20 mV  

Energie d’interaction : +

Complexes solubles < 10 nm

Potentiel Zeta = 

- 50 mV  

Potentiel Zeta = 

+ 20 mV  

Lysozyme+ β-lactoglobuline Napine+
b-lactoglobulin Lysozyme                     b-lactoglobulin Napin

Phase separation: > µm Soluble complexes: < 20 nm

Ainis et al., Langmuir, 2019 

LYS and NAP with similar charge but:

Chang et al., Nat Commun 8, 1273, 2017.

Specific to proteins… but in a good agreement with…

Specificity over other macromolecular systems….Charge patchines
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Experimental techniques

Zheng et al., Adv in Coll & Inter Sci, 2020

Length Scale Aspects
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Rheology
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Linear viscoelasticity (SAOS, SR...)

Effect of SaltEffect of pH

E. Spruijt, Macromolecules, 2013

Effect of temperature

Schröder et al., Macromolecules 2023

Chitosan–Gum Arabic PDMAEMA - PAA

𝛾 𝑡 = 𝛾0sin(𝜔𝑡)

𝜎 𝑡 = 𝜎0sin(𝜔𝑡 + 𝛿)

𝑮′ = 𝝈𝟎/𝜸𝟎𝐜𝐨𝐬(𝜹)

𝑮′′ = 𝝈𝟎/𝜸𝟎𝐬𝐢𝐧(𝜹)

𝒇 𝒐𝒓 𝝎 = 𝟐𝝅𝒇

𝑻𝒊𝒎𝒆𝒔𝒄𝒂𝒍𝒆

𝑺𝒊𝒛𝒆

0° < 𝛿 < 90°
𝛿
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20 °C

𝐺′ > 𝐺′′

➢ High sensitivity of the system towards slight change of pH (0.1 unit).

➢ pH 5.2: Precipitate-coacervates: BLG precipitation close to the isoelectric point (𝑝𝐻 ∼ 5)

➢ pH5.9 and pH 6.1: precipitation due to strong electrostatic interaction between BLG and LF

𝜷-Lactoglobulin

(BLG)

Lactoferrin

(LF)

P-C C P-C P
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Influence of temperature for different pH-values

20 °C

50 °C

40 °C30 °C

20_60_20 °C60 °C

➢ Absence of thermal gelation at pH5.2

➢ Thermal behavior: Softening from 20 to 40 (or 50 °C as a function of pH) followed by irreversible gelation at 60 °C (or 50°C).

➢ Gelation of the coacervate phase lead to stiff materials ( 1 KPa < G’ < 1 MPa )
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Time temperature superposition

TTS

➢ Heating: accelerate the coacervates dynamics

➢ TTS principle applies in the limited range of T°C (5 ≤ 𝑇 < 50 °C):

➢ Both proteins show the same T-dependent monomer friction

➢ The dynamics of the coacervate is dominated by BLG/LF interactions

➢ The dynamics of the two proteins are strongly coupled.

pH5.6

𝑬𝒂 = 𝟕𝟒 𝑲𝑱/𝒎𝒐𝒍
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Time salt superposition 

20 °C

TSS

➢ Accelerates the coacervates

dynamics of the system.

➢ Decrease of the number of 

intrinsic ion pairs

➢ Decrease of the energy of 

their dissociation (Ea)

➢ Reduced local friction

- 13 M

0 - 80 mM

Added [NaCl] (mM)

Effect of added NaCl

0 – 80 mM

pH5.6
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Potential applications
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Purification & Encapsulation

Chapeau et al., Food Hydrocolloids, 2016

Sequestration properties
(preferntial partionning)

CC pH5. 8       CC pH10
Nile red

Dodecane

Dilute phase

Coacervate
dense phase

Williams et al., Soft Matter, 2012 McTigue et al., Soft Matter, 2019

Weak attractive interactions

Methylene blue  Fluorescein 

Selective Complex Coacervation

Yang et al., J. Agric. Food Chem. 2020



p. 17
III. Emulsion stabilization

Bago et al., Langmuir, 2019

Soy protein isolate / 𝜿-Carrageenan 

✓ Successful stabilization of oil/water emulsion and High internal phase emulsion (HIPE)

However…
Stabilization mechanism is still poorly understood: A pickering effect or a continuous layer around the dorplets?
Evolution of coacervate structures from bulk solution to the interfaces: crowding at the interface, nature of oil/water interface?

PSS / PAH

Meng et al., Food Hydrocolloids, 2024

Up to date synthetic PEC/PEC or polysaccharide/proteins coacervates…

Laquerbe et al., JCIS, 2021

Biosurfactant / PEC
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Conclusion

▪ Complex coacervation: Generic process

▪ Optimal conditions: specific for each mixture (Patchiness, Charge anisotropy…)

▪ “High” Sensitivity to: pH, Ionic strength, concentrations, stoichiometry

▪ Possible variability in the same system (isomerism, oligomerization)

▪ Rheology – structure relationship: still to be elucidated

▪ Promising applications in food industry (thickening agent, stabilizer…): Fondamental

aspects still to be understood (stabilization mechanism of biphasic systems,

preferential partitioning of active molecules,…)
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Additional Slides
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New Sample Ghazi
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New sample Ghazi
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New sample Ghazi


