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Upon electrostatic interaction, the mixture of oppositely charged macromolecules separates into a
macromolecule-rich dense phase coexisting with a diluted phase. The associative interaction proceeds through
either liquid-liquid phase separation (LLPS) forming complex coacervates or liquid-solid phase separation (LSPS)
forming aggregates. We here investigate the assembly of the basic protein lysozyme (LYS) with the negatively
charged polysaccharide alginate (ALG) at pH 7 in different conditions of mixing ratios, total concentration, and
ionic strength using a droplet-based millifluidic device. Aggregation and coacervation are observed in this system
by changing the salt concentration. A 3D phase diagram, with concentration of salt, lysozyme, and alginate as 3D
coordinates, gives a thorough description of monophasic, liquid-solid, and liquid-liquid phase separation areas,
and the regions where both solid and liquid phases coexist. The thermodynamic aspects behind these two kinds
of complex formation are investigated using isothermal titration calorimetry (ITC). Aggregation is associated
with a strong affinity between LYS and ALG, with a 100 LYS: 1 ALG stoichiometry ratio, whereas a decreased

binding affinity between the two biopolymers leads to coacervation.

1. Introduction

When oppositely charged polyelectrolytes (e.g. PEs and poly-
saccharides) and colloids (e.g. micelles and proteins) interact, entropic
and/or electrostatic effects lead to either liquid-liquid (LLPS) or liquid-
solid (LSPS) phase separation. The liquid-liquid phase separation is
called ‘complex coacervation’, and results in the formation of a dense
polymer-rich phase along with a supernatant (Pathak, Priyadarshini,
Rawat, & Bohidar, 2017). This phenomenon is now popular due to its
applications including personal care (Turgeon, Schmitt, & Sanchez,
2007), biomaterials (Blocher & Perry, 2017; Sinha et al., 2023), protein
purification (Romanini, Braia, Angarten, Loh, & Pico, 2007), and food
science (Schmitt & Turgeon, 2011). In contrast, aggregation, which is
the other possible phase separation (LSPS), has always represented a
problem by introducing inhomogeneities, irreversibility, and irrepro-
ducible kinetics. Therefore, understanding the dominant factors driving
the formation of aggregates or precipitates is important to control out-
comes (Comert, Malanowski, Azarikia, & Dubin, 2016).

In terms of morphology, complexation appears in the form of a fluid

phase (coacervate droplets of homogeneous aspect) or solid aggregates.
The origin of these two distinct assemblies is still largely misunderstood,
judging by the absence of a generic framework capable of predicting the
physical state of polyelectrolyte complexes. Concerning the thermody-
namic aspects, it is accepted that complexation is always favoured by the
entropic gain related to the release of counter ions. However, nothing is
as certain from the point of view of enthalpy, where complexation can be
both endothermic and exothermic, depending on the systems consid-
ered. Previous works suggest that aggregate forms when the interaction
between the macromolecules is strong, while coacervation happens at
lower interaction strength (Ghosh, Bose, & Tang, 2021). In that respect,
increasing salt concentration (Zheng et al., 2022; Liu, Momani, Winter,
& Perry, 2017), adding urea (Perry et al., 2015), or increasing temper-
ature (Nigen, Croguennec, Renard, & Bouhallab, 2007) weaken the
interaction between the macromolecules causing a change in the ob-
tained complex from solid aggregates to liquid coacervates. When it
comes to systems involving proteins, charge distribution plays an
important role in the involved interactions (Kurut, Persson, Akesson,
Forsman, & Lund, 2012; Persson & Lund, 2009). For polyelectrolytes,
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the surface charge density is of prior importance. High-charged poly-
electrolytes are prone to aggregation whereas weakly-charged poly-
electrolytes form coacervates (Schmidt, Cousin, Huchon, Boué, &
Axelos, 2009). In addition, the flexibility and stiffness of the polymers
also play a crucial role in determining the type of phase separation
(Pathak et al., 2017). As an example, the overall and local charge den-
sities of pectin (random vs blockiness charges distribution) have an
impact on the size and distribution of f-lactoglobulin clusters within the
primary protein-polysaccharide complexes. Moreover, depending on the
spatial arrangement of the primary complexes, the resulting structure
can be either a complex coacervate or a precipitate (Xu et al., 2018).
Comert and co-workers propose that coacervation and precipitation are
intrinsically different phenomena, affected by different factors (Comert
etal., 2016). Today, to our knowledge, there is no general description of
those factors, nor is there any unified mechanism to define the aggre-
gation and coacervation pathways.

In general, the charge and structure of the (bio)-polymers are the key
factors determining interaction strength. Ionic strength is a parameter of
prior importance as it can screen the charges and affect the strength of
interaction. In this work, we tune the interaction strength between the
protein lysozyme (LYS) and the negatively charged polysaccharide
alginate (ALG) at pH 7 b y the addition of monovalent salt, along with
analysing the complex formation in different mixing ratios and total
macromolecular concentration. LYS is a basic protein possessing a ho-
mogenous surface distribution of positive charge at pH 7 with less
exposed negative domains (Ainis et al., 2019). ALG is a negatively
charged linear polysaccharide composed of
(1/4)-p-p-mannuronopyranosyl and (1/4)-a-L-guluronopyranosyl units
(Harnsilawat, Pongsawatmanit, & McClements, 2006). A fixed pH of 7
was chosen here as both of our biopolymers carry opposite charges. This
work is not intended to look at the effect of pH on the interaction of the
biopolymers but focuses on the effect of ionic strength.

Studies have been carried out previously on the LYS/ALG mixture as
self-assembling electrostatic complexes (Fuenzalida et al., 2016). Even
though the couple has been studied extensively for its potential appli-
cation as antibacterial films (Wu, Huang, et al., 2018), drug delivery
vehicles (Wu, Li, Shen, Yuan, & Hu, 2018), and in LYS recovery tech-
nique (Sun, Xiao, & Huang, 2019), studies on this couple in the context
of the propensity to form aggregate and coacervate have not been
explored. In this study, we highlight the conditions of interactions and
phase separation in the LYS/ALG system by establishing a phase dia-
gram using a homemade droplet-based millifluidic device (Amine,
Boire, Davy, Marquis, & Renard, 2017, 2020). By starting with the
analysis of the phase behaviour in different conditions of biopolymer
concentration and added salt, we investigate the conditions leading to
aggregation and coacervation in the couple. We then identify the ther-
modynamic parameters behind both phase separation pathways. To our
knowledge, it is the first study that covers such a large range of exper-
imental conditions thanks to droplets-based millifluidic enabling the
identification of four areas in the phase diagram, monophasic, LLPS,
LSPS, and coexistence of LLPS and LSPS. This thorough phase behaviour
analysis could serve as a starting material to build new applications in
the field of microencapsulation and drug delivery for instance.

2. Materials and methods
2.1. Materials

Commercially available ALG (SATALGINE S 60 NS, 157 000 g/mol)
from Cargill and LYS (14 700 g/mol) from Roche Diagnostics GmbH
(product number: 43092923) were used in all experiments. HEPES
buffer was purchased from Sigma Aldrich (product number:
102479826). NaCl (CAS: 7647-14-5), NaOH (CAS: 1310-73-2), and HCl
(CAS: 7647-01-0) used were from Sigma Aldrich. Sunflower seed oil
from Helianthus annuus was purchased from Sigma Aldrich (CAS: 8001-
21-6). MilliQ water was used for all experiments.
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2.2. Biopolymers stocks dispersions

Both the LYS and ALG biopolymers were solubilized overnight in 10
mM HEPES buffer (pH 7, no added salt) under magnetic stirring. The
dispersions were centrifuged (7378 xg for 10 min) to remove insoluble
residues and filtered further through a 0.2 pm cellulose acetate mem-
brane (Sartorius, France).

The concentration of LYS was determined by UV absorption spec-
troscopy (Thermo Scientific Varioskan LUX Multi-Mode Microplate
Reader). 3 pL of protein samples were drop-casted on the microplate
(Thermo Scientific pDrop™ plate-ref: N12391) and the absorbance at
280 nm was measured. The concentration was calculated using the
molar extinction coefficient value 2.4 L/g.cm (Ainis et al., 2019), and
the path length value of 0.5 + 0.02 mm. ALG concentration was deter-
mined by dry matter analysis.

2.3. Screening LYS-ALG interaction by droplet-based millifluidic device

The droplet-based millifluidic device was used for establishing the
phase diagrams. This device has been previously developed and vali-
dated for screening phase diagrams. This setup has been found to have
the advantages of small material consumption and fast generation of
droplets (Amine et al., 2017, 2020). We here used the same setup to
probe the interaction of LYS and ALG. The LYS and ALG stock solutions
in the required concentrations were taken in two 2.5 mL glass syringes
(Hamilton) and oil was taken in a 10 mL syringe placed on syringe
pumps (Harvard Apparatus PHD 2000; France) with controlled flow
rates. The flow rate of the oil continuous phase was fixed at 10 mL/h and
the total flow rate of both the dispersion phases at 50 pL/min. Mixing of
the dispersed phase took place inside a T-junction (thru-hole = 0.5 mm,
swept volume = 0.57 pL, Upchurch Scientific®), and due to the co-flow
geometry, the droplets flow out from the capillary (inner diameter =
0.53 mm, outer diameter = 0.66 mm, and length = 6.9 cm) along with
the oil continuous phase. After production, droplets were passed
through a serpentine channel (inner diameter = 1.42 mm, outer diam-
eter = 3.14 mm, and length = 31 cm) for enhanced mixing inside the
droplets. After production, the droplets took 3 min and 45 s to reach the
observation zone with the chosen tube lengths. Image acquisition started
once the droplets in the Tygon® tube connected to the serpentine
channel reached the observation zone consisting of an open cell (made
up of crosslinked PDMS moulded on a glass slide) in which the tube was
held. Inside the cell, the pipe was immersed in 7 mL of ethylene glycol.
The macro vision optical setup consisted of a camera, an objective, and
12 LEDs arranged circularly to obtain a dark field-like mode. The droplet
composition was tuned by changing flow rates using a computer-assisted
interface that controlled flow rates and time intervals. The LYS:ALG
mixing ratios (mass ratios) tested were 0:1, 1:16, 1:8, 1:4, 1:2, 1:1, 2:1,
4:1, 8:1, 16:1, 1:0. A MATLAB script has been developed and used to
analyse the mean grey level inside the droplet. The grey level was
measured in the whole area inside the droplets leaving some portion
close to the boundary. The correlation between turbidity and mean grey
level was verified using TiOy/water suspension. The grey level contri-
butions from individual LYS and ALG were subtracted from the mean
grey level values of each mixing ratio. Phase separation was observed in
the mixture when the mean grey level was above a threshold value. This
point (cloud point) was identified to correspond to a 50 % decrease in
the transmitted light (Amine et al., 2017). This threshold grey level
value is just an indication of phase separation, and it varies depending
on the system and the conditions of biopolymer concentration and ionic
strength. The grey level distribution histogram inside the droplet was
obtained using Image J software (version 1.53k, developed by NIH).

The phase diagram was built by taking three parameters into ac-
count: mixing ratios of the biopolymers, total biopolymer concentration,
and the NaCl concentration. LYS and ALG stock solutions at different
concentrations ranging from 1 g/L to 10 g/L were prepared with varying
amounts of added NaCl (10 mM-200 mM). The formation of aggregates
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and coacervates at each point was confirmed with optical microscopy.

2.4. Isothermal titration calorimetry

LYS/ALG interactions were studied using ITC with a VP-ITC micro-
calorimeter (MicroCal VP-ITC, Malvern Panalytical, Malvern, UK) with
sequential injections of ALG solution into LYS solution loaded into a
sample cell having a volume of 1.425 mL. Titration experiments were
performed at 25 °C under two different conditions of ionic strength
corresponding to aggregation and coacervation. All dispersions pre-
pared in 10 mM HEPES (with 0 or 75 mM NaCl added) at pH 7 were
degassed under vacuum before the titration experiments. The reference
cell was filled with 10 mM HEPES buffer and the sample cell was filled
with LYS solution. LYS was titrated with 25 consecutive injections of 10
pL of ALG solution. The initial delay was set at 60 s and the stirring speed
inside the sample cell was set at 300 rpm to ensure the homogeneity of
the cell solution during the titration. The interval between injections
was 200 s. Control experiments were carried out for each measurement
by titrating the ALG solutions directly into 10 mM HEPES buffer con-
taining the required concentration of NaCl. The signal associated with
this reference injection is subtracted from the corresponding experi-
mental signal. The point corresponding to the first injection is omitted
before analysing the data since it is inaccurate. ITC data were fitted
using the “one set of sites” fitting procedure of the MicroCal Origin ITC
analysis software. From this non-linear least squares fit of calorimetric
titration data, the parameters K (binding constant), AHy (enthalpy), and
N (stoichiometry parameter) were determined directly. It must be
noticed that the fitting model is more appropriate to describe the
binding of small ligands in specific site(s) on larger host molecules.
Nevertheless, as the obtained isotherms exhibited rather simple domi-
nating single-phase profiles, this simplistic model was used as a first
approximation to determine the interacting parameters for our systems.
The salt conditions required to reach either aggregation or coacervation
were chosen based on the results from the droplet millifluidic
experiments.

2.5. Microscopy

All the mixtures were imaged under an inverted phase contrast mi-
croscope ((Olympus IX51) equipped with a camera (HAMAMATSU
digital camera; C4742-95) and a phase contrast optical microscope
(BX51, Olympus, Germany) to observe the formation of coacervate/
aggregate. The magnification was set at x20. Differential interference
contrast (DIC) microscopy images were taken using a LEICA-DMRD
microscope equipped with a camera (HAMAMATSU). Observations
were carried out on a glass microscope slide with a gene frame (Thermo
Scientific).

2.6. Turbidity measurements

Turbidity measurements were carried out by measuring absorbance
at 650 nm. Absorbance measurements were conducted using the multi-
cuvette spectrophotometer (UV-1800, Shimadzu, France). Measure-
ments were taken immediately after mixing the biopolymers in different
ratios in the 2 mL cuvette (Plastbrand™). Absorbance was converted
into turbidity using the equation: C= (2.303 x Ags0)/1, where [ is the light
path length (cm), equal to 1 cm.

2.7. Electrophoretic mobility measurements

Electrophoretic mobility measurements were performed using the
Zetasizer nano instrument (Malvern Instruments, UK). Disposable
capillary cells (DTS1070) were used for the measurements. 10 runs were
conducted for each experiment with an equilibration time of 60 s. All the
measurements were repeated three times per sample at 25 °C.
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3. Results and discussion

3.1. LYS/ALG complexation proceeds through liquid-solid phase
separation at pH 7 and low ionic strength

Positively charged proteins and negatively charged polysaccharides
are well known to form complexes through electrostatic interactions. At
pH 7, LYS carries a positive charge (0.42 pm cm/V.s mobility), and ALG
is negatively charged (—3.814 pm cm/V.s mobility) (Fig. 1A). LYS
carries a net positive charge of 8.2 per mol at pH 7 (Kuehner et al., 1999;
Spassov & Yan, 2008; Fig. S2 supplementary material). Taking into ac-
count the complete protonation at pH 7 for ALG (Haug et al., 1961), the
theoretical charge was calculated from the molecular weights of ALG
(157 kDa) and the condensed monomer units (176 Da) which give about
892 negative charges per ALG molecule. When mixed, LYS and ALG
form turbid solutions instantaneously, which is explained by the for-
mation of aggregates as observed through microscopy (Fig. 1B). This has
been observed previously with the same system (Wu, Huang, et al.,
2018). However, this is in contrast with the generic assumption that
protein/polysaccharide couples mostly form coacervates, especially
when weak polyelectrolytes are involved (Kayitmazer, Koksal, & Kilic
lyilik, 2015). Here, ALG is a weak polyelectrolyte and LYS is a weak
basic protein, but still, they interact to form aggregates at low ionic
strength.

Mixing ratios between the biopolymers drive the charge balance of
the system. The turbidity of the LYS/ALG mixture changes with the
mixing ratios with maximum turbidity for a LYS:ALG mass ratio of 4:1 at
a total polymer concentration of 1 g/L (Fig. 1C). The optimum mixing
ratio for complex formation is pH-dependent (Amine, Boire, Kermarrec,
& Renard, 2019; Klemmer, Waldner, Stone, Low, & Nickerson, 2012).
Under microscopy, samples with higher turbidity present larger con-
nected aggregate structures (Fig. 1B). Electrophoretic mobility mea-
surements have been carried out on the LYS/ALG mixtures at different
mixing ratios (Supplementary data, Fig. S1. A). The point where we
obtain the maximum turbidity does not show a zero-mobility value, even
though it is difficult to interpret the mobility in this context to correlate
charge neutrality to zero mobility. According to Anema and de Kruif, a
(bio)polymer mixing ratio giving 1:1 charge stoichiometry provides
optimum conditions of complex formation as it brings charge neutrality
(Anema and de Kruif, 2016). However different results are obtained for
the napin/pectin system where coacervation is observed at the point
corresponding to the highest charge asymmetry (Amine et al., 2019).
The electrophoretic mobility ratio between LYS and ALG, for the same
mass of material, measured at pH 7 and low ionic strength, is around 9
(Fig. 1A). This indicates that a given mass of ALG carries about nine
times more negative charges than LYS. This suggests that charge
neutralization and the highest complex formation should happen ata 9:1
mass ratio of LYS/ALG. The theoretically calculated charge ratios at
each mass ratio indicated in Fig. 1C also show the requirement of a mass
ratio of 9:1 to reach charge neutrality. However, we here observe the
highest turbidity at a ratio of 4:1. This result could be related to the
discrepancy between mobility values and effective net charge of each
biopolymer and in particular protein (Jachimska, Swiatek, Loch, Lew-
inski, & Luxbacher, 2018) or to counterion-mediated effects due to the
presence of salts in the starting materials (Janmey, Slochower, Wang,
Wen, & Cebers, 2014).

3.2. Aggregate formation happens in a wide range of mixing ratios and
biopolymer concentrations

The phase behaviour of binary mixtures of biopolymers is known to
depend on total concentration and mixing ratio (Amine et al., 2019;
Priftis & Tirrell, 2012). Here, we probe the phase behaviour of LYS/ALG
mixtures over a wide range of concentrations from 1 to 10 g/L and for 11
mixing ratios. The high viscosity of ALG makes it difficult to work at
higher concentrations. The mean grey level of the droplet as a function
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Fig. 1. (A) Electrophoretic mobility values of 2.5 g/L LYS and ALG dispersed in milliQ water at different pHs. (B) Phase contrast microscopy images of LYS/ALG
aggregates at three different mixing ratios with a total concentration of 1 g/L (scale bar indicated is 50 pm). (C) Turbidity of the LYS/ALG mixture at different mixing
ratios at 1 g/L total concentration in 10 mM HEPES buffer (0 mM NacCl) at pH 7. The mass percentage of LYS in the mixture is indicated in the X-axis. Mass ratios are
expressed as LYS:ALG. Theoretically calculated LYS/ALG charge ratios are expressed as the second Y-axis.

of the mixing ratio at 1 g/L follows a trend similar to turbidity (Fig. 1B)
with a maximum grey level at the mass ratio 4:1 (Fig. 2A). From the
results presented in section 3.1, a threshold mean grey level of 1.8 is
found to differentiate conditions for which phase separations occur. This
results in a phase diagram comprising homogeneous dispersions (empty
squares in Fig. 2B) and phase-separated systems (full squares in Fig. 2B).
Even in the presence of a very low ALG concentration, the system phase
separates because of the high charge of ALG compared to LYS.

Droplet images at different total concentrations are shown in Fig. 2C.
The turbid droplets show heterogeneities even though the proper mixing
of the system is validated using TiOo/water suspensions (supplementary
data, Fig. S3). Therefore, the heterogeneous nature of the droplets is
associated with aggregation. Moreover, the mean grey level of the
droplets increases with increasing the total concentration of bio-
polymers (Fig. 2D). For the initial mixing ratios, where the grey level is
low, there is no real difference in the results across different concen-
trations. This difference is clearly observable at higher percentages of
LYS (from 1:4 to 16:1 LYS/ALG mass ratio) where phase separation is
obvious (Fig. 2D). Irrespective of the total biopolymer concentration,
phase separation is observed in the same mixing ratios in the total
concentrations from 1 g/L to 10 g/L (Fig. 2E). Interestingly, the
morphology of the aggregates differs at 10 g/L total concentration, with
structures that resemble fibrils (Fig. 2F). This may be linked to the fact
that for total concentrations higher than 5 g/L, it is difficult to produce
properly separated droplets with the millifluidic device for the inter-
mediate LYS:ALG ratios. In these conditions, solid fiber-like structures
are coming out of the capillary, connecting two droplets (droplets cor-
responding to 10 g/L in Fig. 2C). During the experiment, large complex

structures are leaking out of the capillary tube instead of droplets
separated by oil. Similar structures appear when the experiments are
repeated from high to low levels of ALG and in the reverse. To check if
the fibre formation is due to ALG or LYS alone, individual biopolymers at
high concentrations (10 g/L) were mixed with buffer, resulting in the
absence of the formation of such structures. Hence these structures are
confirmed to arise from the mixture of LYS and ALG. At high biopolymer
concentrations, these solid filamentous structures form at the T-junction
before reaching the capillary, and the oil does not separate them after-
ward. The shear rate of the system is calculated to be around 5 s~ which
is very low and cannot explain the formation of filament. The nature of
these filament-like structures and the mechanism of formation remains
unknown. These filamentous structures limit us from working with
droplet millifluidic in this system at high concentrations (concentrations
higher than 5 g/L) and intermediate ratios.

3.3. LYS/ALG complexation proceeds through liquid-liquid phase
separation at higher ionic strength

Since the complex formation involves electrostatic interaction, the
effect of ionic strength on the phase behaviour of the system was
investigated as the presence of salt affects the range and strength of the
attractive interactions. Biopolymer dispersions with different concen-
trations of added salt were prepared and studied using droplet-
millifluidics. For a total biopolymer concentration of 5 g/L, the mean
grey level first increases until 125 mM NaCl; and then decreases after
125 mM NaCl (Fig. 3A). After 175 mM, the mixture finally appears
translucent. The droplets look less heterogeneous as the salt
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Fig. 2. (A) Mean grey level values of LYS/ALG mixtures at different mixing ratios obtained from droplet-millifluidic experiment for a total concentration of 1 g/L (10
mM HEPES buffer, pH 7). The mean grey level value is at its maximum for the mixture at ratio 4:1 (B) Millifluidic phase diagram of LYS/ALG mixture for a total
concentration of 1 g/L. Phase separation starts for a ratio of 1:4 and the system exists in the biphasic region even at low ALG concentration (C) Droplet images of 1 g/
L, 2 g/L, 5 g/L, and 10 g/L total concentrations of LYS/ALG mixtures at pH 7 (10 mM HEPES buffer) and three mixing ratios. The grey level developed inside the
droplet increases with the total biopolymer concentration. At 10 g/L total concentration, fibril-like structures appear in the millifluidic device. (D) Mean grey level
values at three total concentrations and different mixing ratios. (E) Phase diagram of LYS/ALG delimiting the biphasic from the monophasic regions. In all total
concentrations, phase separation is observed in the same range of mixing ratios. (F) Phase contrast microscopy images of LYS:ALG at a ratioof 4:1in 1 g/L, 2 g/L, 5 g/

L, and 10 g/L total concentrations.

concentration increases. The grey level distribution inside the droplets
was obtained using image J. At different ionic strengths, the grey level
intensities normalized with the number of pixels inside the selected area
are shown in Fig. 3C. When these mixtures are observed under micro-
scopy, the complex morphology changes from aggregates to coacervates
as we go from low to high ionic strengths (Fig. 3B). The coacervate
microdroplets are tiny round structures that are dynamic in nature but
do not coalesce when observed under phase contrast microscopy. At low
biopolymer concentrations, they are even smaller in size and difficult to
probe with light microscopy. The differential interference contrast (DIC)

images of structures obtained at different salt concentrations and fixed
mass ratio 8:1 are shown in Fig. S4 (supplementary data). In bulk, the
coacervates are stable over time and a complete macroscopic LLPS is
very slow (Fig. S5 in supplementary data). A phase where both solid and
liquid phases coexist is observed as well at 100 mM NaCl. The coexis-
tence of different phases is also demonstrated in the gelatin-
maltodextrin biopolymeric couple where authors identify three equi-
librium phases (Masullo et al., 2020). Bringing down the interaction
strength between biopolymers by screening charges causes coacervation
whereas, at low salt conditions, high interaction between the
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Fig. 3. (A) Mean grey levels of LYS-ALG mixtures at 5 g/L total polymer concentration and different mixing ratios at pH 7 in different ionic strengths. The mean grey
level at higher LYS:ALG ratios increases as the ionic strength increases till 125 mM and, beyond that, the grey level decreases and reaches zero at 200 mM NacCl (B)
Droplet images of 5 g/L total concentration and 8:1 ratio with different ionic strengths (scale bar is 0.5 mm) and phase contrast microscopy images of LYS:ALG
mixture with a total concentration of 5 g/L and mixing ratio of 8:1 in different ionic strengths (scale bar is 50 pm). (C) Grey-level histograms of 5 g/L LYS:ALG

mixtures at different ionic strengths.

biopolymers leads to aggregate formation. The transition of solid poly-
electrolyte complex to liquid complex coacervates in the presence of
added KBr has been observed in the system containing poly (4-styrene
sulfonic acid, sodium salt) (PSS) and poly (diallyl dimethyl ammonium
chloride) (PDADMAC) (Liu, Momani, et al., 2017). According to them,
decreased salt concentration leads to the formation of trapped electro-
static crosslinks leading to the formation of solid aggregates. The elec-
trophoretic mobility measurements have been carried out on LYS and
ALG at 5 g/L concentration and different ionic strengths, but the in-
strument failed to give a mobility distribution plot or the proper raw
data at higher ionic strengths as the conductivity of the solution was
above 5 mS/cm at high ionic strengths. Mobility of ALG became less
negative till 50 mM NaCl and above that reliable data were not obtained.
The mobility value of LYS decreases till 50 mM NacCl. At higher ionic
strengths, the instrument gave negative mobility values (data not
shown). That could be due to the anionic-specific adsorption of chloride
anions onto the surface of the protein (Henry et al., 2017; T et al., 1950).
The fact that ALG and LYS interact on the wrong side at high ionic
strength leading to coacervation could be explained by the presence of
positive patches at the LYS surface (see Fig. 3D in Henry et al., 2017).
The homogenous appearance of the droplets is associated with the
formation of coacervate microdroplets at higher ionic strength whereas

at low ionic strength, the aggregates formed give rise to heterogeneous
droplets. A striking result is the non-monotonous decrease of turbidity
with increasing salt concentration for LYS:ALG mass ratios comprised
between 2:1 and 16:1. As the concentration of NaCl increases in the
mixture, the turbidity is expected to decrease due to the decrease in the
range of interaction, as observed for polyelectrolyte complexes (Perry,
Li, Priftis, Leon, & Tirrell, 2014). Instead, we observe an increase of the
mean grey value from O to 125 mM added NaCl, and the expected
decrease for larger ionic strength. The histograms in Fig. 3C show a
bimodal distribution of the grey level for ionic strength below 50 mM.
The calculated mean grey value is therefore lower than the grey level of
the dense phases. Still, the mean grey population of the lighter part is
lower than the mean grey value obtained at 100 and 150 mM. This
unexpected change in grey level with increasing salt concentration may
be due to a change in the number, size, and/or density of the dense
phases generated by the phase separation. Anyhow, the change in the
mean grey level values with the increased salt concentration is associ-
ated with the change of assembly from aggregation to coacervation. The
volume fraction of the complexes formed at different ionic strengths and
the LYS:ALG mass ratio of 8:1 were checked in the bulk. The bulk
experiment did not support the trend in the grey level where the volume
fraction of the dense phase appeared to be higher at 0 mM NacCl (Fig. S5
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in supplementary data). The tendency of the coacervate droplets to be
stable over time also prevents us from comparing the volume fraction of
the dense phases at different ionic strengths. In Fig. 3A, we can also see
that, in the lower LYS:ALG ratios, mean grey levels are decreasing with
increasing salt concentration. LYS is more affected by salt as compared
to ALG. When we have a lesser LYS concentration in the mixture, the
charges on LYS are screened by the added salt causing no or reduced
complex formation. Total biopolymer concentrations ranging from 1 g/L
to 10 g/L were probed with salt concentrations up to 200 mM and
similar results were observed in all concentration conditions (data not
shown).

3.4. Differentiating aggregation and coacervation

Interestingly, the level of homogeneity of droplet images indicates
the type of phase separation: homogenous grey level distribution is
associated with coacervation and heterogeneous grey level distribution
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to aggregation (Fig. 3C). We intend to use this difference in grey level
distribution as an indicator of the type of phase separation. For a droplet
with a homogeneous, well-distributed grey level, the grey level distri-
bution curve is symmetric and narrow, with a mean grey level value
close to the median grey level value. In contrast, in the case of aggre-
gation, we have heterogeneous droplets where the grey level is not well
distributed throughout the droplet. In Fig. 3C, at 0 mM NaCl and 50 mM
NaCl, we have two broad peaks. In that case, the mean and median grey
levels differ a lot. At the NaCl concentration of 100 mM, where we
observe the coexistence of two states, the complexes are distributed all
over the droplets, yet we have white spots at different grey levels. At
150 mM NaCl, we have a narrow grey level distribution curve with close
mean and median values. Table S2 (supplementary data) summarizes
the differentiation made between aggregation and coacervation by the
grey level analysis. In the case of homogeneous coacervates, the differ-
ence between mean and median grey level values is less than 1%. A
higher disparity between the mean and median values is obtained for
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Fig. 4. (A) LYS/ALG phase diagram of 1 g/L and 10 g/L total concentrations in different salt conditions at pH 7. (B) 3D phase diagram of LYS/ALG with total polymer
concentrations ranging from 1 g/L to 10 g/L and added salt concentrations from 0 to 200 mM NaCl. LSPS: liquid-solid phase separation; LLPS: liquid-liquid

phase separation.
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aggregates which is more evident at lower biopolymer concentrations.
The change for aggregates is very high, i.e. 55 %, at low biopolymer
concentrations. As the total concentration of the biopolymer is higher,
the change is less obvious for aggregates. When the biopolymer con-
centrations are low, we have a lesser number of charges available for
interacting and we obtain low complex formation. Because of the het-
erogeneous distribution of the solid structures formed, we have more
black area inside the droplet while there are more structures occupying
the area of the droplets at high concentrations. A much evident
discrepancy between mean and median values is therefore observed in
the droplets corresponding to aggregation at lower biopolymer con-
centrations like 1 g/L. However, under all conditions, a value less than
or equal to 1% is observed for coacervates irrespective of the total
polymer concentration. However, this method of differentiating aggre-
gation and coacervation is quite specific to this couple of biopolymers.
All systems might not necessarily be following this trend of grey level
distribution. We cannot talk about the underlying mechanism of the
different phase separation pathways from the grey level analysis.
However, we can still make assumptions, such as suggesting that strong
interactions may lead to the formation of densely distributed structures
(aggregates) with a high refractive index. To establish a broader un-
derstanding of linking complex formation to grey levels, it’s essential to
examine the phase behaviour and trends in grey level distribution
among different interacting couples.

3.5. Different phase boundaries for different biopolymer concentration

In section 3.2, we have seen that aggregation occurs at all concen-
trations in the same mixing ratios at low ionic strength. But when salt is
added, the effect of ionic strength is not the same at different biopolymer
concentrations. The phase diagrams for the total concentrations of 1 g/L
and 10 g/L at different ionic strengths are shown in Fig. 4A. When the
total biopolymer concentration is 10 g/L, phase separation occurs even
at 175 mM ionic strength and ceases at 200 mM when compared to
lower concentrations like 1 g/L, which takes place only until 125 mM
salt concentration. At higher biopolymer concentrations, more salt is
required to suppress the complex formation. At 1 g/L total concentra-
tion, coacervation occurs at 75 mM salt concentration, but 150 mM salt
is needed to have coacervation when the total concentration is 10 g/L.
When the biopolymer concentration is high, more charged sites are
available. The amount of salt required to screen the charges and reduce
the interaction will therefore clearly differ based on the biopolymer
concentration.

As we go to higher ionic strength at a given total biopolymer con-
centration, more LYS is needed to have phase separation (Fig. S6, sup-
plementary data). Different ionic strengths and total concentrations
define the biphasic region differently. So, the different propensity of the
two components to phase separate can be shown using a 3D phase di-
agram by taking ionic strength and total concentration as the control
variables (Fig. 4B). The grey colour dots represent the region where the
system exists in the monophasic region. The cyan colour dots show the
area where we observed liquid-solid phase separation forming aggre-
gates whereas coacervated forming conditions are shown by navy blue
coloured points. In between we also have a region where both liquid and
solid structures coexist, represented by dark blue dots. We can see here
that increasing ionic strength narrows the phase separation domain.

3.6. Tight binding between the biopolymers leads to aggregation while
coacervation is associated with a lower affinity

From the millifluidic experiments, we see different conditions of salt
concentration leading to aggregated and coacervated states. It is inter-
esting to see how the thermodynamic parameters associated with the
binding events of the complex formation change based on the different
ionic strengths of the mixture. The thermodynamic characterization of
LYS-ALG complex formation was carried out using a VP-ITC
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microcalorimeter. Based on the phase diagram, two conditions of ionic
strengths were chosen for a total biopolymer concentration coming
around 1 g/L, corresponding to aggregation (0 NaCl) and complex
coacervation (75 mM NaCl), respectively. LYS was taken in the cell and
titrated with ALG since excess LYS concentration was needed in the
mixture.

The results are shown in Fig. 5. For the lowest ionic strength con-
ditions, we have a sudden upturn in the thermogram. The complex
formation is clearly visible and the heat effect caused by this process is
much larger than the respective heat of dilution. The transition point (N)
occurs at a molar ratio of 0.01 indicating a stoichiometry of 100 LYS
molecules per ALG unit, which is about the theoretically calculated
charge stoichiometry (supplementary data, Table s1). The rectangular-
shaped curve of the thermogram corresponds to the strong affinity be-
tween LYS and ALG. Given the recovered strong interaction between LYS
and ALG, 5-6 titration experiments at different concentrations of LYS
and/or ALG were carried out to reach an exploitable shape of the
binding isotherms. This was achieved using the classic ITC equation, ¢ =
Ka*Mior+N, linking the concentration of the macromolecule in the cell
(Mio) to the affinity constant (K,) and stoichiometry (N) of the inter-
action (Perozzo, Folkers, & Scapozza, 2004). The shape of the thermo-
gram and the molar ratio at which transition occurs, point N, are
insensitive to the decrease of the concentration of both biopolymers
during titration experiments (supplementary data, Fig. S7). The
achievement of charge neutrality at the stoichiometry condition is
confirmed using electrophoretic mobility measurements where we got a
zero-mobility value for the same ratio (supplementary data, Fig. S8). For
low and high salt concentrations, the data can be fitted by a single set of
independent binding sites model. The calculated apparent affinity con-
stant K, between LYS and ALG was found to be ~ August 2, 1010 ML
Increasing the ionic strength to 75 mM strongly decreases the binding
affinity, with a 500-fold decrease in the calculated apparent K, value to
~6.0.10” M}, without any significant change in the stoichiometry point
N. When we compare with the values of K, obtained for coacervates of
previous works, still the value is high. The microscopy observations
confirm the presence of coacervates at this higher ionic strength (data
not shown).

The thermodynamic insight obtained from ITC primarily shows that
the interacting process is exothermic (negative enthalpy) at both ionic
strengths. Negative enthalpy (AH) values of —8.4.10° J.mol~! and
-6.9.10° J.mol ! are obtained at lower and higher ionic strengths
respectively. Entropy values (AS) obtained in both conditions are also
negative (—2.7.10% J.K '.mol.7! at low ionic strength and —2.3.10% J.
K L.mol. ! at higher ionic strength). This suggests that the interaction
and self-assembly process is driven enthalpically, corresponding to an
electrostatic interaction in which the negative entropy reflects the
structural fixation of the interacting molecules.

From the literature data, the enthalpy-driven process is related to the
energy involved in molecular interactions and reflects the contribution
of hydrogen bonds, electrostatic interactions, and van der Waals forces
(Saboury, 2003). More generally, in the case of weakly charged poly-
electrolytes, the complex formation is associated with negative enthalpy
AH due to electrostatic attraction, with counterion release entropy
playing only a minor role (Turgeon et al., 2007). The interaction of LYS
and ALG at pH 4.5 was also reported to be exothermic (Fuenzalida et al.,
2016; Wu, Huang, et al., 2018). At low salt conditions, the affinity be-
tween LYS and ALG at pH 7 is very high, therefore leading to a
rectangular-shaped isotherm with a sharp increase in energy happening
at the stoichiometric equivalent point N. This kind of steep thermogram
is not common in protein-polysaccharide interactions. The steep in-
crease in the ITC curve is characteristic of a very strong affinity between
biopolymers leading to aggregation. Similar curves have been previ-
ously observed for the aggregation of the surfactant zwitterionic sulfo-
betaine SB3-12 with an alkyl chain (Loh, Brinatti, & Tam, 2016) and LYS
complexation to heparin (Malicka, Haag, & Ballauff, 2022). Usually, ITC
is best suited to interaction strengths with a value of an apparent K, no



A. Vakeri et al.

Food Hydrocolloids 156 (2024) 110359

A B C
Time (min) Time (min) Time (min)
0 10 20 30 40 S50 60 70 80 90 10 0 10 20 30 40 50 60 70 80 90 10 0 10 20 30 40 50 60 70 80 90
04 ML RS VIO S S !‘h,_l, b A S L= 0.1 T T T T T T T T T T T T T T T T T T T T
T TV - 1 0.0 T ]
{ 0.04 A A A A r———— =] J ‘ | i
Ll {1 17 TV [ [yi
~1—l||}|“||!lll i ‘ ?‘ﬂ\ 02 M ‘lx' }
0.1 | ‘ | ‘ V . ] [ |
| 1
i 1 0.4 |
& 2 i o 024 | | ‘ I | ’ | ' - o ‘ ‘
8 § T ] 8 ool
= = | = 06+ -
© 3. i © 034 T © ] |
[$] o 4 o
=1 2 04l i = 08 [ .
4 - - : .
054 | 4 1.0 4
% 06 12
P T T ] i o 2T T T T u; 1
0 il LT o
= < e <100 - 7
& -100- . & -200 @ "
o ° T 200 w 1
@ -200 o D "
£ 300 ] ] £ 400 £ -300 N
k] k] S 400
@ 07 ] o 00 In 4 o Ai| Mot oneitn
S -500 - . [} f © 500 a Ch2DoF  LITIES
£ £ " E " N 0 £5.36)
T 6007 - 7] T 800 L Tep— 1 g -600 .l..' i 2663
L 700] puu"Sguusmag®e ] £ . < it - s
-800 T T T T T -1000 T T T T T T T T T T
0.0000.0020.004 0.0060.0080.0100.0120.0140.0160.01¢ 0000 0004 0008 0012 0016 0000 0004 0008 0012 0016
Molar Ratio Molar Ratio Molar Ratio

Fig. 5. ITC thermograms obtained at 25 °C by injecting (A) 0.94 uM ALG into 11.2 pM LYS without added NaCl, and (B) 4.7 pM ALG into 56 pM LYS in the presence
of 75 mM NaCl. The thermogram given in A corresponds to aggregation and B corresponds to coacervation. All the solutions were prepared in 10 mM HEPES buffer at
pH 7. The upper panel shows the heat flow thermogram as a function of time obtained during the titration of LYS by ALG and the bottom panel is the integrated data

of enthalpy versus ALG:LYS molar ratio.

more than 1 nM~!. For the LYS-ALG mixture at low ionic strength, an
apparent K, of 2.8 10!° M™! is calculated which is very high. Never-
theless, considering the huge difference in charge number between LYS
and ALG molecules at pH 7 (=100), the value of K,, expressed based on
charge ratio, decreases to the reasonable value of ~2.8 10% M~1. We
could bring down the binding affinity between the two biopolymers to
6.0.10" M~ ! (~6.0 10° M™1) by adding salt and thus reorganizing the
assembly towards coacervation.

From ITC experiments, the stoichiometry value N is found to be
reached at ALG:LYS molar ratio of 0.01 corresponding to 100 molecules
of LYS per ALG. From the theoretical calculation of available charges on
both LYS and ALG molecules, as indicated above, a hundred units of LYS
are required for one ALG to acquire charge neutrality. Even though all
the charges on both biopolymers might not be available for interaction,
the experimentally observed stoichiometry is consistent with the theo-
retically obtained stoichiometry. The salt concentration-dependent
strength of the initial interaction between the two biopolymers drives
the nature of the final phase separation, liquid-solid (aggregates) versus
liquid-liquid (coacervates) at low and high ionic strength, respectively.

4. Conclusions

The formation of LYS and ALG complexes in different conditions of
mixing ratio, total polymer concentration, and ionic strength are
investigated using droplets-based millifluidic, turbidity, and micro-
scopy. The droplet-based millifluidic device coupled with optical mi-
croscopy gives us an extensive qualitative analysis of the phase
behaviour of the system by probing different conditions of mixing.
Similar results are obtained from grey level analyses and turbidity
measurements conducted in bulk. The level analysis method is an easy
way of checking phase separation and having a qualitative idea of
complex formation under different tested conditions by looking at the
homogeneity in the droplets. The homogenous appearance of the
droplets is associated with the formation of coacervate microdroplets at
higher ionic strength whereas at low ionic strength, the aggregates
formed give rise to heterogeneous droplets. Therefore, a quantitative
assessment by comparing the mean and median grey level values gives
us a way to distinguish between aggregates and coacervates. It is not

possible, however, to use droplet-based millifluidics to investigate phase
separation at its earliest stage.

We tune the interaction strength between LYS and ALG by the
addition of NaCl, and depending on the salt concentrations we observe
regions where the system exists as soluble complexes, aggregates, and
coacervates; with sometimes the coexistence of both solid and liquid
structures. For the first time to our knowledge, using droplets-based
millifluidic, four physical states are identified: homogeneous liquid (i.
e. monophasic), liquid-solid (i.e. aggregation), liquid-liquid (i.e. coac-
ervation) and coexistence of liquid-solid and liquid-liquid. Thermody-
namic characterization of the aggregation and coacervation phenomena
is carried out using ITC. ITC data clearly show the requirement of strong
affinity for aggregation and reduced affinity to have coacervation in the
LYS-ALG mixture. These are important results that give crucial infor-
mation about the mechanisms involved in the coacervation/aggregation
of protein/polysaccharide systems. However, the driving force for
coacervation or aggregation depends on the system studied, especially
on features like the charge density and flexibility of the polysaccharide,
and the charge distributions of the protein. For better rationalizing the
two LSPS and LLPS processes, other polyelectrolyte couples need to be
investigated to unravel the mechanisms underlying the two phase sep-
aration processes.
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