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ABSTRACT
PRECIPITATION AND COACERVATION IN POLYELECTROLYTECOLLOID SYSTEMS

FEBRUARY 2019
FATIH COMERT, B.S., ABANT IZZET BAYSAL UNIVERSITY
M.S., BOGAZICI UNIVERSITY
Ph.D. UNIVERSITY OF MASSACCHUSETTS AMHERST
Directed by: Professor Paul L. Dubin
Complex coacervation between oppositely charged polyelectrolytes (PEs) and
colloids (i.e. micelles and proteins) has increasingly become popular due to the use of these
materials in a range of applications including but not limited to personal care, biomaterials,
protein purification, and food science. In taking advantage of complex coacervation, which
is a liquid-liquid phase separation, precipitation has always represented a problem by
introducing inhomogeneities, irreversibility and irreproducible kinetics. Therefore,
understanding the dominant factors driving the formation of precipitates is important to
control outcomes.
In this work, we have performed comparative studies of coacervation and
precipitation in model PE-colloid systems to investigate the relationship and mechanism
of formation of coacervation vs precipitation. Studies of hyaluronic acid (HA), and
tragacanthin (TG) - two negatively charged PEs with different structural properties - with
oppositely charged proteins β-lactoglobulin (BLG), and/or a monoclonal antibody (mAb)
showed that the two phases form simultaneously. However, our results suggested that
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coacervates do not directly turn into precipitates, but that both species are in equilibrium
with free protein and PE in the bulk phase. However, precipitation and coacervation are
different in that the number of proteins that bind to each polyanion to neutralize the overall
charge is important in coacervation, whereas the proximity of binding, regardless of the
stoichiometry, determines precipitation. Steric shielding due to bulky PE side chains can
prevent close protein to PE binding which then eliminates precipitation.
While the structure of the PE affects the formation of coacervation vs precipitation
in model PE-protein systems, we also found that the charge density of the colloid may have
an influence. To study colloid charge density effects, we chose the sodium dodecyl sulfate
(SDS) and Triton-X100 (TX100) mixed micelle system, because of the ability to tune the
surface charge density by varying the molar ratio of the anionic surfactant SDS. The PEmicelle system showed separate regions of coacervation and precipitation in contrast to the
PE-protein system in which the two regions were coinciding. Calorimetric studies revealed
a large endotherm for the formation of precipitates. This large endotherm can be overcome
by the release of counterions. Coacervation is also driven by counterion expulsion,
therefore there must be a difference in the nature of counterions expelled. We defined the
counterions surrounding each micelle as bound or localized. Bound counterions are located
close to the micelle surface whereas localized counterions are those that are attached to
charged groups on the micelle surface and are responsible for precipitate formation. This
is because, the expulsion localized counterions favors the ion pairing between charged
groups of PDADMAC and SDS by making the interaction between the charged groups
stronger thus leading to precipitation.
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Overall, coacervation and/or precipitation can occur in PE-colloid systems when
critical conditions are suitable. The Strength of interaction is the key to yield precipitation
vs. coacervation. Bulky PE side chains cause steric shielding, which weakens the
interactions therefore favors coacervation. Similarly, uniform colloid charge distribution
can also cause weak interactions and eliminate precipitate formation, while concentrated
charge patches on protein surface favor strong PE-protein binding thus yielding precipitate
formation.
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CHAPTER 1
BACKGROUND ON POLYELECTROLYTE-COLLOID PHASE SEPARATION

Liquid-liquid phase separation has been widely used in industrial applications
including drug delivery [1], food products to encapsulate active ingredients [2], personal
care products for deposition of active materials [3, 4], protein purification [5], electronic
displays, and many more. Common to all these applications is the method used complex
coacervation.
Complex coacervation is a liquid-liquid phase separation (Figure 1.1) of oppositely
charged macroions driven by electrostatics and entropy gained due to the release of small
counterions. The dense, macroion-rich coacervate phase is a viscous fluid having properties
between a gel and an aqueous solution. It is in equilibrium with the supernatant (dilute
phase, poor in macroion concentration). Complex coacervation can be induced in mixtures
of polyelectrolytes with oppositely charged polyelectrolytes [6], and charged colloids such
as globular proteins [7], and micelles [8].

Figure 1.1 Schematic illustration of model systems that form complex coacervates.
1

PE-colloid mixtures pass through different regions corresponding different states
of interaction during complex coacervation. In a model PE-protein system, continuous
titration with an acid or a base first yields primary soluble complexes at a critical pH (pHc)
that can occur even on the wrong side of the isoelectric point (pI) of a protein (pI < pHc)
for most cases, meaning the net protein charge is same as that of PE [9]. Further pH change
causes an increase in protein net charge opposite to that of PE leading to the aggregation
of electroneutral complexes, thus yielding bulk phase separation at pHφ (the onset of
coacervate formation). While the critical point of initial soluble complex formation (pHc)
is only affected by salt concentration, the stoichiometry, ionic strength (I), polymer linear
charge density (), and colloid charge density () have all been found to influence complex
coacervation [10-12]. One unwanted issue in complex coacervation of PE-colloid systems
is precipitate formation.
Precipitation is a liquid-solid phase transition. Coacervation of systems containing
colloids and polyelectrolytes is often accompanied by precipitation and the term is almost
always confused with coacervation [13]. The distinct difference between the two is that
precipitates often have irregular shapes whereas coacervate forms spherical droplets in bulk
solution (Figure 1.2). Although there have been extensive studies on coacervation,
precipitation has not been as studied and the relationship between the two is not clear.

2

A)

B)

Figure 1. 2 Optical micrographs of SDS/TX100-PDADMAC (A) coacervate formed at Y
= 0.4 (B) precipitate formed at Y = 0.55. Scale bar 20 μm.

1.1 Aim and Outline of Thesis
The aim of this thesis is to understand precipitation of PE-colloid systems and find
ways to control precipitation. Chapters 2, 3, and 4 focuses on polyelectrolyte-protein
systems. Chapter 2 is a review of the recent literature on coacervation/precipitation and
present current findings and opinions about the relationship between the two phenomena.
Chapters 3 and 4 investigate the effects of polymer structural differences and protein charge
anisotropy on precipitation and coacervation. In order to do this, two anionic
polysaccharides hyaluronic acid (HA) and tragacanthin (TG) with TG having bulky side
chains (Figure 1.3) were used with model proteins β-lactoglobulin (BLG) and monoclonal
antibody (mAb). Turbidimetric titration was used to identify the pH values corresponding
to the formation of soluble complexes, coacervation and precipitation; or redissolution.
Potentiometric titration was used to generate “charge curves” to estimate the number of
proteins bound per polymer chain at the point of complex neutrality. The important finding
3

was that instead of a coacervation-precipitation transition, the two phenomena are
intrinsically different and dominated by different factors.

HA

TG

Figure 1. 3 Schematic representation of the structures of hyaluronic acid (HA) and
tragacanthin (TG).

In Chapter 5, we studied the effect of colloid charge density on final phase
separation: therefore, we replaced proteins with micelles. Since micelle surface charge
density is proportional to molar ratio of anionic surfactant, it will be easy to control charge
density by just adjusting molar ratios. Another advantage of micelles over proteins is that
their sensitivity to temperature. We investigated the temperature dependence and
introduced thermodynamic explanations for the formation of coacervates and precipitates.
Turbidimetric titrations, isothermal titration calorimetry (ITC), and epifluorescence
microscopy were used in the study.
Chapter 6 of this thesis provides a universal understanding for both PE-protein and
PE-micelle systems by examining the meaning of critical condition for PE-colloid complex
formation. We consider how the experimentally observed breadth of this transition, for
4

three polyelectrolyte-colloid systems (Figure 1.4), is broadened – compared to theoretical
expectations – by system polydispersity. Finally, the last chapter will provide an outlook
for the future research directions.

BLG
Z: protein net charge

SDS-TX100

DMDAO

Y: surfactant molar ratio β: degrees of protonation

Figure 1. 4 Schematic showing three different colloids used in the study. β-lactoglobulin
(BLG), sodium dodecyl sulfate (SDS) - Triton-X100 (TX100), dodecyldimethylamine
oxide (DMDAO). To compare surface charge density of these systems, analogous
parameters protein net charge (Z), molar ratio of anionic surfactant (Y), and degrees of
protonation (β) were used.
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CHAPTER 2
LIQUID-LIQUID AND LIQUID-SOLID PHASE SEPARATION IN PROTEINPOLYELECTROLYTE SYSTEMS
Fatih Comert* and Paul L. Dubin, Advances in colloid and interface science 239, 213-217,
2017

2.1 Abstract
The coacervation of systems containing colloids (e.g. proteins or micelles) and
polyelectrolytes (notably ionic polysaccharides) is often accompanied by precipitation.
This can introduce inhomogeneity, irreversibility and irreproducible kinetics in
applications in food science and bioengineering, with negative impact on texture and
stability of food products, and unpredictable delivery of active “payloads.”

The

relationship between coacervation and precipitation is obscure in that coacervates might be
intermediates in the formation of precipitates, or else the two phenomena might proceed
by different but possibly simultaneous mechanisms. This review will summarize the recent
literature on coacervation/precipitation in protein-polyelectrolyte systems for which
reports are most abundant, particularly in the context of food science. We present current
findings and opinions about the relationship between the two types of phase separation.
Results vary considerably depending not only on the protein-polyelectrolyte pairs chosen,
but also on conditions including macromolecular concentrations and ionic strength.
Nevertheless, we offer some general approaches that could explain a variety of
observations.
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2.2 Introduction
Polyelectrolyte – protein (PE-pr) complexes can undergo phase separations when
suitable conditions are satisfied, primarily due to electrostatic interactions and entropic
effects [10]. These phase separations can be liquid-liquid (coacervate) or liquid-solid
(precipitate) depending on the strength of the interaction. The fact that proteins usually
keep their structure and function intact under either type of separation has led to a growing
interest for in vitro and in vivo applications, including drug delivery [14], protein
purification [7], biomaterials [15], tissue engineering [16], and food science [17]. An
understanding of PE-protein complexes is also relevant to biological processes, involving
e.g. heparin-binding proteins. In all of these circumstances, differentiation between
“coacervation” and “precipitation” is important but is often obscured by terminology or by
ambiguous results, including a failure to distinguish between a dense liquid phase
(coacervate) and a. solid phase (precipitate), or even their co-existence. The intention of
this review is to describe the identification of these two phenomena, and to generalize about
their possible causes.
Coacervation and precipitation in PE-protein systems, arise when the electrostatic
interaction between the two macroions attains a level that enhances proximity between the
respective charge sites, often leading to an abrupt expulsion of counterions and water.
Proteins can also exhibit heteroprotein coacervation, and PE pairs exhibit both
coacervation and precipitation [18, 19]. Fixed size and shape of proteins severely limits the
range of meaningful complexes resulting in highly restricted conditions for coacervation
and virtually eliminates precipitation. The comparably vast array of PE configurations
facilitates the formation of numerous states including coacervate and precipitate. PE7

colloid systems following Eq (2.1) occupy an intermediate position, exhibiting welldefined transitions over a limited range of conditions. With regard to the strong sensitivity
to small changes in conditions, they resemble the initiation of complex formation which
also resembles a phase change vide infra. While changes in ionic strength in principle could
lead to such transitions, pH is by far the most important way to alter interactions in systems
with proteins because transitions occur over very small changes in pH, then identified with
“critical” pH values: namely as pHc for the onset of complex formation, pHφ for the onset
of liquid-liquid phase separation (coacervation), and often a subsequent pH for coacervate
dissolution (see for example, Figure 2.1) [11]. This terminology essentially derives from
the identification of related transitions in polyelectrolyte-micelle systems [20, 21], which,
because of the isotropy of micelle charge and shape, is more readily related to theoretical
predictions of critical conditions for adsorption of polyelectrolytes on oppositely charged
surface [22, 23], viz Eqn (2.1).
σc ξ ~ κa

(2.1)

where σc, the surface charge density of the colloid, is proportional to Y, the fraction of
micellar surfactant head groups that are charged; κ is reciprocal Debye length, inversely
proportional to ionic strength; and ξ is the dimensionless polyelectrolyte linear charge
density. Note that Eq (2.1) describes a cooperative transition not subject to mass-action, so
that Yc, the experimental analogue of σc, does not depend on polyelectrolyte or colloid
concentration. Similarly, pHc as a local phenomenon depends only on ionic strength, not
protein-PE stoichiometry r, or PE Mw [24], pHφ is responsive to interactions on length
scales beyond the size of those complexes. This is feasible when complexes approach
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neutrality, and is broadened over a range of pH only due to system polydispersity or
disproportionation [25]. While pHc depends only on I, pHφ depends also on PE:protein
stoichiometry. However, the overall concentration of colloid at fixed I and r has little effect
– e.g. coacervates cannot be diluted away. It is noteworthy that characterization of
interpolymer complexation at the sub-micron scale yielding critical conditions for PE-PE
complexation is an emerging approach [26].

Figure 2. 1 Turbidity curves of ovalbumin (OVA) – gum arabic (GA) mixtures as a
function of pH (addition of acid) at OVA–GA ratio = 2:1, I = 0, showing characteristic
features of turbidimetric titrations for proteins with annealed polyanions. Both OVA and
GA are referred to as “polymers”; “turbidity” is given as absorbance; insoluble complexes
identified by visual observation. pHc is normally identified by change in slope and/or a
departure from zero absorbance using an expanded scale. Reprinted from ref [33].

While the ability to distinguish between liquid-liquid and liquid-solid phase
transitions might be considered trivial, techniques such as turbidimetry are often
inadequate, especially when the two phases co-exist. Consequently, the terms
9

“coacervation” and “precipitation” are sometimes used almost interchangeably, although
the two phenomena differ in several important ways, and can be distinguished by bright
field microscopy as shown in Figure 2.2 which readily distinguishes spherical fluids from
irregular solids in the µm range [27, 28].
Coacervation as a liquid-liquid phase transition reflecting a reversible equilibrium,
while precipitation is kinetically controlled, and can be essentially irreversible due to a
consequence of tight binding and water expulsion. Evidence from the related system of
polyelectrolytes and oppositely charged mixed micelles strongly suggests that precipitation
and coacervation follow different mechanisms, with opposite dependences on salt
concentration and polymer MW [29]. Turbidity is the most convenient measure of changes
in solution or suspension, but fails to distinguish coacervate from precipitate, and in fact
cannot alone identify co-existing mixtures of coacervate and precipitate, even when
obvious to the viewer or the camera. A representative number of publications, which report
coacervation, precipitation, or both, in both food and non-food systems is shown in Table
2.1. While little seems to have been said about the relationship between coacervation and
precipitation in such studies, we offer plausible explanations about causality and
mechanisms.
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A)

B)

Figure 2. 2 Bright field micrographs showing (A) coacervates resulting from mixing
supercharged
α-chymotrypsinogen
with
quaternized
poly(dimethylaminoethylmethacrylate) (qPDMAEMA) (B) solid precipitates resulting from mixing lysozyme
with qPDMAEMA. Scale bars, 20 μm. Reprinted from ref [28].
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12

pH range

Basis for detection of coacervate
and/or precipitate
Turbidity, zeta potential Coacervate. Visual observation. Redissolution

7.0-2.0

β-lactoglobulin-Hyaluronic acid

30
45

Precipitate. Visual observation
Precipitate. Visual observation

DLS
Turbidity

50 mM
10 mM

1.0-3.5
11.0-2.5

Chymotrypsin-PVS*

Trypsin-PVS*

* Quenched polymer

All measurements are at room temperature except noted

Phase separation is induced by pH in all studies.

quaternized- poly(dimethylamino-ethylmethacrylate)

44
Precipitate. Visual observation
Turbidity

0-0.1 M

Lysozyme-Polyvinylsulfonate (PVS)* 10.0-2.5

1

28
Coacervate and Precipitate by microscopy

Turbidity, microscopy,
DLS

10 mM

fixed 8.0

Myglobulin, α-chymotrypsinogen,
Lysozyme- qPDMAEMA1

31
Coacervate. Visual observation

Turbidity

No salt

2.9-9.0

Pea Protein Isolate-Chitosan

32
Coacervate and precipitate (?)

Turbidity

7.0-1.5

Pea Protein Isolate-Alginate

0.5 M

20 mM

fixed 4

43

No salt

8.0 - 3.0

Bovine Serum AlbuminPoly(acrylic)acid
β-lactoglobulin-Pectin

Coacervate. Visual observation

35
38

Coacervate, precipitate, and redissolution.

36

Coacervate and precipitate. Visual observation

Turbidity

Complex formation

Turbidity, DLS, Zeta
potential
Turbidity, ITC

25-100 mM

0.01 - 0.8 M

Turbidity

7.5-1.5

β-lactoglobulin-Pectin

41

8.0-3.0

β-lactoglobulin-Pectin

Coacervate and redissolution

27

Coacervate and Precipitate by microscopy

Optical microscopy,
DLS, zeta potential
Turbidity from DLS

0 - 200 mM

6.1-3.2

Whey Protein Isolate-Pectin
4-300 mM

34

Coacervate. Visual observation. Redissolution

Turbidity

Reference
Number
33

0.01 - 0.4 M

Type of Measurement

7.0-1.1

0 - 60 mM

Ionic strength

Ovalbumin-Pectin

Ovalbumin- Gum Arabic, 4 °C -55°C 7.0-1.0

Protein/polyelectrolyte

Table 2.1 Overview of Systems Discussed: Conditions, Methods and Findings

2.3 Annealed Systems
The majority of the systems in Table 2.1 include polymers of natural origin, such
as pectin, gum Arabic and alginic acid. These “weak” or “annealed” polyanions, used in
foods together with e.g. β-lactoglobulin, α-lactalbumin and whey protein, comprise a
dominant source of information about protein-PE coacervation, either with or without
precipitation. A key property of such systems is the diminution of the negative charge
density of PE (degree of dissociation, α) in the pH range in which the protein charge Zpr
becomes more positive. This is in contrast to systems with “strong” or “quenched” (pHindependent) PE’s, encountered in the field of protein purification by precipitation [30] or
various fundamental studies [10]. The inverse pH-dependence of the magnitudes of Zpr and
α accounts for the tendency of coacervates to form and then redissolve, resulting in a
turbidity maximum with changes in pH, behavior not observed with proteins and quenched
PEs.
A frequently observed but rarely interpreted effect is the pH corresponding to
maximum turbidity, usually designated as pHopt [31-34]. As shown in Figure 2.1 and also
in refs [35] and [38], the turbidity dependence on pH is highly asymmetric in this region.
This indicates a transition from one phase state to another. When coacervate is the only
dense phase observed, as is the case for BLG/pectin in ref [36], the symmetry of turbidity
change on both sides of pHopt, likely reflects a similar effect of pH on the magnitude of
complex net charge on both sides of pHopt. There is strong evidence that pHopt corresponds
to complex electroneutrality [32]. Thus strong asymmetry indicates that something other
than charge neutrality is at play below pHopt, supported by observations for e.g. hyaluronic
acid and BLG which clearly show precipitation in that pH range [35]. Hence, asymmetric
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turbidity maxima at “pHopt”, suggest that precipitation instead of redissolution follows the
maximum turbidity. Precipitation reflects a strong local electrostatic interaction between
the PE chain and a local protein region of opposite charge, normally a consequence of low
polyanion pKa such that PE charge (ZPE) is well-retained as proteins become more positive
and attain strong PE-binding domains at pH < pI, especially in the form of a protein
“positive patch.” Strong increases in n (the number of proteins bound per polymer chain)
enhances the sensitivity of net complex charge ZT to pH at pH < pI where nZpr changes
sign, according to Eq (2.2):
ZT = ZPE - nZpr

(2.2)

In other words, pHopt represents the condition at which the effect of pH on the local proteinPE interaction becomes more significant than the effect of pH on complex net neutrality,
and coacervate dissolution expected at ZT > 0, is replaced with or obscured by precipitation.
The balance between the effect of pH on complex net charge near Z T = 0 vs. its
effect on the strength of the PE-protein interaction depends on the relative effects of pH on
(1) PE degree of dissociation α, and (2) the net protein charge Zpr, as shown in Figure 2.3.
The effects of changes in α and Zpr are as we will see, subject to the influence of PE
blockiness and protein charge anisotropy, respectively. This is the case for BLG and
hyaluronic acid with pKa = 2.9, such that α is close to 1 at complex charge neutrality, pHopt
= 4.4 [35]. Attempts to move away from neutrality by lowering pH and thus destabilizing
coacervate, do not reduce α much for such PE’s with low pKa (which behave like quenched
PE’s at pH >> pKa) but the drop in pH does increase Zpr, making local binding stronger.
Similar examples are carboxymethylcellulose (CMC)/ potato proteins [37], and bovine
14

serum albumin (BSA)/polyacrylic acid (PAA) [38]. This increase in +Zpr is large compared
to the decrease in α (Figure 2.3), and causes the complex to become more positively
charged. While this could by itself cause coacervate dissolution, the predominant effect of
an increase in the positive protein charge when α is large is stronger binding affinity and
precipitation. The opposite behavior, redissolution in place of precipitation is seen when
HA is replaced by pectin (3.5 < pKa < 4.5) [36]. Because of the lower acidity of pectin, the
point of complex electroneutrality is observed at higher pH, 3 < pHopt < 5, and the
difference between pKa and pHopt is less than the difference found for BLG-HA. Because
α diminishes significantly upon addition of acid at pHopt, complex net charge becomes
positive and protein-PE interactions diminish, thus favoring coacervate dissolution vs.
precipitation. Similar behavior is seen when BLG is replaced by ovalbumin [34].
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A)

B)

Figure 2. 3 pH dependence of (A) BLG (ZBLG, open circles) and (B) mAb charge (ZmAb,
open squares) and degree of ionization of HA (α) corrected with number of COO- per bound
protein (c) (α.c, open triangles). pHc and pHp values shown is from turbidimetric titrations
at I = 50 mM.

While the concepts in Figure 2.3 can be applied to all systems of proteins with
annealed polymers, its utility is limited by two considerations. First, α fails to describe the
effective PE charge, i.e. the electrostatic potential of the PE as “experienced” by the protein,
16

and this is influenced by PE structural linear charge density (e.g. hyaluronic acid vs.
alginate) and blockiness (as in pectin), as well as steric effects such as PE branching (as in
gum Arabic). Second, Zpr does not represent the electrostatic domain of the protein as
“experienced” by the PE; thus net protein charge does not explain binding on the “wrong
side of pI”, requiring consideration of protein charge anisotropy [39]. For example, the
separation in pH units between pHc and pHp for HA with BLG (Figure 2.4) is pHc - pHp =
1.6 (6.1 – 4.5) [35], whereas the comparable result for HA with mAb is pHc - pHp = 2.5
(7.5 – 5.0) [40]. The higher pI of mAb (9.6 vs 5.2) explains why this protein exhibits higher
pHc but does not explain why more extensive diminution in pH is required to progress from
the onset of binding to the point of precipitation; this corresponds to a much larger increase
in protein net charge for mAb vs. BLG at precipitation (ZprmAb = +50 vs ZprBLG = +9,
respectively). This does not simply arise from the larger size of mAb, since charge per unit
surface area at pHp is actually higher for mAb. This difference can be explained by protein
charge anisotropy: basic amino acids, highly dispersed across the mAb surface, are more
localized in BLG, exhibiting a positive “patch” even at pH > pI [7]. The point of
precipitation occurs when the interaction of this positive domain with polyanion becomes
large enough to expel counterions and hence water.

17

Figure 2. 4 pH dependence of the turbidity and system state for HA (0.1 g/L) and BLG (1
g/L) mixture with respect to pH in 25 mM NaCl, upon addition of acid (forward titration)
Forward titration: (1) Suspension of coacervate droplets, (2) precipitate formation in the
presence of coacervate, (3) coacervate dissolution in the presence of precipitate, and (4)
complete dissolution of precipitate. Reprinted from ref [35].

In addition to variability in pKa, polysaccharide affinity for proteins is modulated
by two important structural features: the presence of branches, and the average spacing
between carboxyl groups (Figure 2.5) (structural charge density) which itself may be
nonuniform along the polymer chain, as for pectin (see below). Diminution of interaction
strength and coacervate dissolution is seen below pHopt (3.00 – 3.75) for ovalbumin with
gum Arabic system; the effect of the high acidity of GA (pKa ~ 2.0) is opposed by its
complex branching [33].
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The “blockiness” of pectin, arising from post-translational enzymatic deesterification (α-methylation) influences protein affinity because proteins bind
preferentially to regions of high charge [41, 42]. This should enhance protein affinity but
can be counterbalanced by the relatively high value of pKa ~ 4.5. The weak acidity of pectin
promotes charge neutralization and redissolution, but also opposes tight binding, and
coacervation is reversed below pHopt which is observed over a broad region of 3 < pH < 5
[36]. The high local linear charge density of pectin however makes protein-PE association
more resistant to salt, complexes forming at high ionic strength for the blockier pectin.
Pectins with high degrees of local charge density can complex with BLG at higher ionic
strengths compared to pectins with same degrees of methylation but having lower local
charge density. On the other hand, it has been proposed that high degrees of methylation
and random charge distribution promote precipitate formation due to BLG cluster
formation within complexes [43].

2.4 Quenched Systems
Protein-PE precipitation is most frequently reported for quenched polyelectrolytes
for which pH affects only protein charge, different from the high-pKa annealed
polysaccharides subject to charge loss at low pH, noted above. Examples include polyvinyl
sulfonic acid (PVS) with lysozyme [44], trypsin [45], and chymotrypsin [30].
Coacervation, observed prior to precipitation for the quenched polycation PDADMAC –
BSA, – trypsin, and – alcohol dehydrogenase (ADH) systems [46, 47]. may be related to
lower charge density for that polycation.
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Figure 2. 5 Chemical structures of (A) alginate, (B) pectin, (C) hyaluronic acid, and (D)
chitosan.

2.5 General Observations
Coacervation and precipitation both arise from desolvation, driven by or at least
coupled with the release of counterions. These small ions in turn are displaced by
macromolecules e.g. polyelectrolytes of the same charge, as they come to reside closer to
the protein surface. Along with the entropy of small ion release, the approach of the two
macrions is exenthalpic due to charge proximity, i.e. the overlapping potential fields of
protein and PE. The stronger these fields and the greater the overlap, the greater the degree
of desolvation, promoting precipitation vs. coacervation.
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Since both protein charge and PE charge contribute to the magnitude of this effect,
an attractive goal would be to resolve the nature of phase separation into contributions from
the two and observe which one is dominant. The electrostatic inter-macromolecular
interaction is controlled by the effective “surface” charge densities of the protein and the
linear charge density of the PE, the magnitudes of which change in opposite direction with
pH, and these could be related to the protein pI and the PE pKa as in Figure 2.3. Discerning
this relationship from the results in Table 2.1 would be a daunting task, since other
significant parameters such as ionic strength, and protein:PE stoichiometry vary widely.
The necessary experiments in which systematic changes in PE charge density and
flexibility are made for a given protein at fixed ionic strength and protein:PE stoichiometry
are not readily found in Table 2.1.

2.6 Conclusions and Outlook
pH-dependent liquid-liquid and liquid-solid phase separations (coacervation and
precipitation, respectively) are frequently noted in the literature on protein-polyelectrolyte
(PE) systems. Both result from an increase in protein-PE electrostatic interactions, but the
magnitude of protein (+) and polysaccharide (-) charges typically vary in opposite
directions upon decrease in pH. Below the pH of complex charge neutrality, at or near
“pHopt”, either precipitation or redissolution of coacervate will occur depending on the
strength of the protein-PE interaction at this pH. The resultant phase separation is then
affected by the pKa of polyelectrolyte: If the pKa is small compared to pHopt, the degree of
ionization of the PE α is large at this condition. “Annealed” (pH-dependent) polyanions
with low pKa behave like “quenched” (pH-independent) PEs near “pHopt,” with α relatively
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insensitive to pH and close to unity. Lowering the pH does however increase the positive
magnitude of Zpr, intensifying local binding, thus leading to precipitation. On the other
hand, if the pKa is close to pHopt, a decrease in α with decreasing pH compensates for the
effect of increase in Z (+), and binding affinity is not increased. The charge of the complex
moves from neutrality without intensified binding, and coacervate can redissolve without
precipitation. The effects of α and Z are influenced by PE blockiness (as for regions of
demethylation in pectin) and protein charge anisotropy (e.g. positive domain of BLG). The
former can affect protein affinity; therefore, deviations from the expected effect of α are
seen i.e. precipitate formation when PE mean charge density is low. Protein charge
anisotropy leads to a similar effect, i.e. precipitate formation when the net charge of protein
is small. Further understanding of these effects require systematic exploration of selected
variables such as PE linear charge density and chain stiffness, ionic strength and proteinPE stoichiometry, the last affecting complex charge neutrality but not intrinsic protein-PE
binding affinity.
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CHAPTER 3

COACERVATION AND PRECIPITATION IN POLYSACCHARIDE-PROTEIN
SYSTEMS
Fatih Comert, Alexander J. Malanowski, Fatemeh Azarikia, and Paul L. Dubin, Soft
Matter 12 (18), 4154-4161, 2016

3.1 Abstract

Precipitation poses a consistent problem for the growing applications of biopolymer
coacervation, but the relationship between the two types of phase separation is not well
understood. To clarify this relationship, we studied phase separation as a function of pH
and ionic strength, in three systems of proteins with anionic polysaccharides: βlactoglobulin (BLG)/hyaluronic acid (HA); BLG/Tragacanthin (TG); and monoclonal
antibody (mAb)/HA. We found that coacervation and precipitation are intrinsically
different phenomena, responsive to different factors, but their simultaneity (for example
with changing pH) may be confused with transitions from one state to another. We propose
that coacervate does not literally turn into precipitate, but rather that both coacervate and
precipitate are in equilibrium with free protein and polyanion, so that dissolution of one
and formation of the other can overlap in time. While protein-polyanion complexes must
achieve neutrality for coacervation, precipitation only requires tight binding which leads
to the expulsion of counterions and water molecules. The pH-dependence of phase
separation, considered in terms of protein and polyion charge, revealed that the electrostatic
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magnitude of the protein’s polymer-binding site (“charge patch”) plays a key role in the
strength of interaction. These findings were supported by the inhibition of precipitation,
seen when the bulky side chains of TG impede close protein-polymer interactions.

3.2 Introduction
The interaction of proteins with oppositely charged polyelectrolytes has been long
known to lead to the formation of soluble complexes, or to phase separation, either liquidliquid (complex coacervation) [48] or liquid-solid (precipitation) [49]. Since both of these
produce turbidity, the two terms appear to be used sometimes almost interchangeably [13,
32, 33, 50, 51], although they are usually distinguishable by the formation of spherical
droplets as opposed to amorphous solid particles. The situation is further complicated by
the co-appearance of both types of phase separation, and the difficulty of discerning
between sequential or simultaneous phenomena. Thus, the question arises as to whether
coacervates are literally precursors of precipitates (sequential) or involve parallel
(simultaneous) but different mechanisms. The coacervation of oppositely charged
macroions is a reversible and equilibrium event arising from the association of soluble
complexes near electroneutrality [11]; precipitation is a kinetically controlled consequence
of strong inter-macroion interactions with counterion expulsion, regardless of complex
electroneutrality [13]. The way in which key variables such as ionic strength and pH
determine the nature of phase separation and redissolution has not been fully elucidated,
but it is generally assumed that precipitation rather than coacervation is characteristic of
more strongly interacting polyelectrolyte-protein (pr-PE) pairs [11, 52, 53]. Simultaneity
of coacervation and precipitation may be a general phenomenon, even observed for
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oppositely charged polysaccharides [54]. The nature (or in fact even the existence) of a
third transition -- from coacervate to precipitate -- is the subject of the current work.
Polyelectrolyte – protein systems may exhibit with changing pH a number of
transitions. For polycations, interactions with proteins are typically negligible at low pH,
with the reverse being the case for polyanions at high pH. In the vicinity of the pI,
interactions to form soluble complexes can be initiated even “on the wrong side” of the pI,
due to protein charge anisotropy, with a transition from the non-interacting state to soluble
complexes observed at a well-defined “pHc” corresponding to protein charge “Zc” [55, 56].
Soluble complexes typically undergo equilibrium association as microscopic charge
neutrality is approached and exhibit a liquid-liquid phase transition (coacervation) at
“pHφ”, exclusively on the “right side” of the pI, i.e. corresponding to Zφ opposite in sign
to the PE charge. While pHφ depends on macroscopic stoichiometry (“+/-”), pHc depends
only on the ionic strength [57], as predicted by theories for PE-colloid interactions [22, 23],
and consistent with results for PE-micelle systems [58]. When PE linear charge density
and Z are large and opposite in sign, precipitation often occurs, especially at low ionic
strength. The sequence of transitions described typically occurs with increasing pH for the
interaction of proteins with cationic polymers and with decreasing pH for proteins with
anionic polymers. However, in the case of pH-dependent (“annealed”) polyanions, the loss
of polyanion charge of at low pH typically reverses or eliminates some of these steps
resulting in redissolution of a protein-PE-rich phase because the charge-neutral PE will not
bind the protein.

In contrast to this non-monotonic pH-dependence of e.g. anionic

carboxylated polysaccharides, the strength of protein-binding with “quenched” PEs, e.g.
polystyrenesulfonate, increases monotonically with the addition of acid.
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A second distinction between annealed and quenched polyelectrolytes is the
tendency

of

the

latter

to

exhibit

precipitation

at

pH

extremes,

e.g.

poly(diallyldimethylammonium) chloride (PDADMAC) with bovine serum albumin
(BSA) at pH > 9 [24]. pH extremes can for annealed polyelectrolytes lead to their loss of
charge; thus, the interaction vanishes and hence the coacervate redissolves, regardless of
increasing protein charge. Precipitation, on the other hand, a consequence of a loss of
counterions and solvation due to sufficiently high macromolecular charge density, has been
observed without coacervation for the quenched high-charge density poly(vinylsulfonic
acid) (PVS) with e.g. trypsin [45], chymotrypsin [30], and lysozyme [44]. Such strong
polyelectrolytes can also exhibit coacervation without precipitation at more moderate pH,
as reported for PDADMAC with trypsin, alcohol dehydrogenase (ADH), and BSA [47];
and

for

BSA

with

poly(acrylamidomethylpropyl

sulfonate)

(PAMPS),

poly(methacrylamidopropyl trimethylammonium chloride) (PMAPTAC), and an AMPSacrylamide random copolymer (PAMPS80AAm20) [46]. By way of contrast, systems with
annealed PE’s (e.g. ionic polysaccharides) appear to demonstrate all three types of behavior
-- coacervation alone, precipitation only, or both -- while quenched PE’s appear to exhibit
either precipitation or coacervation but never the two combined [13].
In addition to PE-protein systems, phase transitions have also been reported for PEPE systems, but with an emphasis on ionic strength (as opposed to pH) and a conceptual
framework encompassing short-range ion-pairing [59]. Kovacevic et al. studied the effect
of added salt on the dissolution of PE multilayers (PEMs) arising from an excess of one of
the PE’s [60]. They concluded that the dramatic increase in dissolution rate at I > 2 mM
salt was due to a weakening of PE-PE interactions leading to a more fluid multilayer. They
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referred to the decrease in PEM stability with increase in ionic strength as analogous to a
glass transition, in line with the description of the plasticization of multilayers by added
salt described by Schlenoff [61]. The stability of PEMs may be related to exponential (vs.
linear) multilayer growth at high salt, which appears to be endothermic, hence entropydriven (as opposed to exothermic and enthalpically driven) [62]. In contrast, the current
work, consistent with the vast literature on protein-PE interactions [11], shows as expected
that adding salt weakens interactions, but this cannot be described as a competition for
“ion-pairing” as in PE-PE systems. First, proteins completely lack the geometry and
flexibility of the PE-PE systems, and only certain well-defined and relatively inflexible
domains of proteins are involved in complexation. Second, ionic strength is typically
replaced by modulation of pH (at fixed ionic strength) in protein-PE systems (including
the present work); while pH primarily affects protein charge, ionic strength is more
complicated, increasing PE configurational entropy as well as the entropy of small ion
release. Third, there are multiple configurational possibilities for PE-PE systems, and
replacing the PE with a protein greatly reduces the role of configurational entropy. Finally,
the features mentioned for PE-PE systems complicate the utility of theoretical treatments
inasmuch as direct observations of critical conditions for well-defined transitions are
unreported, whereas protein-PE systems benefit from a realistic analogy of pHc -- the
transition at the onset of complex formation -- to binding of PE’s to charged spheres or
cylinders at critical surface charge densities [22, 23].
Beyond pHc, sequential coacervation and precipitation have been found for several
proteins together with annealed PE’s. Hyaluronic acid (HA) undergoes coacervation
followed by precipitation upon decrease in pH with BSA, β-lactoglobulin (BLG) [63], and
27

with monoclonal antibodies (mAb’s). However, the low pKa = 2.9 of HA means that is
effectively quenched at pH > 4.0, perhaps explaining why coacervation alone is often seen
for proteins with anionic polysaccharides of higher pKa [64], a case in point in the current
work being Tragacanthin (TG) whose lower dissociation (pKa = 3.6) is compounded by the
effects of bulky side chains [65]. With respect to the PE affinity of proteins, it is important
to consider both isoelectric point (pI) and charge anisotropy. While the pIs of BLG and
BSA are similar (5.2 and 4.9, respectively), the “positive patch” of BSA is both larger and
more diffuse. The unique charge anisotropy of mAb is important, since it gives rise to
clinically significant properties such as very high viscosities at moderate concentrations
[66-68]. Of particular interest, is the difficulty in distinguishing coacervation from
precipitation in systems in which both can be seen. A related fundamental question and in
fact the primary goal of the present work is whether the appearance of coacervate and
precipitate is sequential (the latter arising from the former) or simultaneous, with the two
processes following different pathways.
We investigated the effect of ionic strength, pH and polymer structure on the
binding of polysaccharides to BLG and mAb and the relation of changes in protein affinity
to coacervation and precipitation. Comparing HA and TG, also a carboxylated
polysaccharide, we explored the effects of their different pKa’s, noting their behavior as
“quenched” or “annealed” according to the pH and their pKa. The effect of protein charge
and charge anisotropy on the strength of binding was investigated by replacing BLG with
a high pI protein mAb. Turbidimetric titrations were used to identify the pH values
corresponding to the formation of soluble complexes, coacervation and precipitation or
redissolution at different ionic strengths. “Charge curves” which showed the pH
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dependence of net charge (BLG, mAb) or degree of ionization (HA) were used to estimate
the number of bound protein per polymer chain at the point of complex neutrality.

3.3 Experimental
3.3.1 Materials
Hyaluronic acid (HA, MW 1.2×106), produced by Streptococcus bacteria and
purified by filtration through activated charcoal, was a gift of Shiseido Co. (Japan). BLG
(18 kDa), purified by ion-exchange chromatography, was a gift from C. Schmitt (Nestle,
Lausanne). A high isoelectric point monoclonal antibody (mAb-A) was obtained from
MassBiologics (Mattapan, MA), with a molecular weight of 147.6 kDa, and a pI of 9.6 as
determined by isoelectric focusing. Tragacanthin (TG) was prepared from gum tragacanth
(Astragalus gossypinus) as described elsewhere [69]. Milli-Q water was used in all sample
preparation.

3.3.2 Methods
3.3.2.1 Turbidimetry
Highly precise turbidimetric titrations (%T ± 0.05%) were carried out in order to
determine the points of complex formation and phase separation (pHc, pHφ). HA (0.2 g/L),
TG (1 g/L), BLG (2 g/L) and mAb (2 g/L) solutions were prepared at desired NaCl
concentrations (1- 100 mM), filtered (0.22 µm Millipore), and then mixed at equal volumes
to give 10 mL total volume with an initial pH of 7.0 for HA-BLG, 8.0 for HA-mAb, and
6.5 for TG-BLG. Final mixing weight ratios were r = 10 for HA-BLG and HA-mAb, and
r = 2 for TG-BLG. Addition of 0.1 N HCl (“Type 1” titrations) with a 2.0 mL Gilmont
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microburet to a final pH of 2.0 with simultaneous monitoring of pH and transmittance (T),
was done while stirring at a speed of about 1000 rpm. Turbidity, reported as 100 - %T, was
measured using a Brinkmann PC 800 colorimeter equipped with a fiber optics probe (path
length b = 2 cm) and a 450 nm filter. True turbidity is τ = -log T/ b, but for convenience
we report 100 - %T which is linear with τ for over most of the range of interest. pH and
%T was recorded at every 30 seconds (values of %T stabilize immediately within ±0.2 in
the region of soluble complexation, and within ±1 after ca. 30s presumably reflecting
changes in the number or size of coacervate droplets, as opposed to changes in coacervate
yield which is not time dependent [9]. Duplicate titrations verified reproducibility.

3.3.2.2 Potentiometric titrations.
Potentiometric titrations were performed in order to determine the pH dependence
of the degrees of ionization (α) of HA and TG. Polyanion solutions were prepared at a
concentration of 0.1 g/L and pH 6.5. Titrations with 0.1 N HCl under N2 at room
temperature were accompanied by titration of a blank (polymer-free, but otherwise
identical to the sample). The difference between the volumes of HCl used for titration of
polymer solution and blank (ΔV = Vpolymer – Vblank) was used to determine α as a function
of pH.

3.3.2.3 Computational methods.
DelPhi V.4r1.1 was used to model the electrostatic potential around BLG as a
function of pH and ionic strength. 1BEB (BLG dimer) were taken from the RCSB Protein
Data Bank (http://www.rcsb.org). The amino acid charges were generated by fitting the
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experimental BLG titration curves [70] to a set of amino acid dissociation constants
obtained by iterations of an adjustable electrostatic parameter w proposed by Tanford [71].
The reader is referred to Grymonpre et al. for a more detailed description of this procedure
[72] and to Yan et al. inter alia for further demonstrations of its validity [73].

3.4 Results and Discussion
Figures 3.1(A) and (B) show that while the turbidimetric titration curves for BLGHA (intrinsic polyanion dissociation constant pK°a = 2.9) [74] are significantly different
from those of BLG-TG (pKa ≈ 3.6 at α = 0.5, from titration) there are important similarities
at high salt. The curves at ionic strength I < 100 mM for BLG-HA in Figure 3.1A are less
symmetric than the ones at higher salt, and that curve more nearly resembles the shape of
the curve for BLG-TG at 10 mM (Figure 3.1B). The more highly asymmetric behavior for
BLG-HA at lower I and at pHs below the turbidity maxima (pH < pHτ*) is accompanied by
the formation of precipitates for BLG-HA, absent for BLG-TG regardless of I. In addition,
the strong salt dependence of pH* for BLG-HA is greatly diminished when HA is replaced
by TG. The small peak for BLG-TG at I = 25 mM in the absence of coacervation
corresponds merely to formation and breakup of soluble complexes, whereas coacervation
is seen for BLG-HA even at 100 mM salt. Salt effects on the balance between coacervation
and precipitation for BLG-TG at I < 25 mM or BLG-HA at I = 100 mM will be considered
below in view of the pre-eminent role of complex charge neutrality in coacervation and
redissolution.
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Figure 3. 1 “Type 1” turbidimetric titrations (addition of HCl) at different salt
concentrations: (A) BLG/HA and (B) BLG/TG. Inset in (A) shows method of measuring
pHc (the onset of binding), while pHτ* refers to the turbidity maximum. The dashed line in
(A) represents the approach to coacervation at electroneutrality, due to an increase in the
number of BLG bound per PE chain n as a function of pH. The solid lines in (A) and (B)
correspond to the dissolution of coacervate as n diminishes with decrease in the degree of
ionization  of HA or TG.
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3.4.1 Chemical heterogeneity as well as branching complicates the influence of pKa
The turbidity maxima at pH* for BLG with HA or TG likely correspond to a region
close to charge neutrality, affected by the charges of polyanion and protein. The pHdependence of HA charge density α is well-established. However, the quantitative relation
between the pH-controlled protein net charge, Zpr, and its HA-affinity is complicated
because the polyanion-binding affinity of BLG does not simply depend on protein net
charge, but also on protein charge anisotropy. A more straightforward relationship between
the charge of an isotropic colloid, the electroneutrality of its complexes with oppositely
charged polyelectrolyte, and the resultant phase separation is provided by mixed micelles
interacting with oppositely charged quenched polyelectrolyte. In this case, the charge of
the complex is simply modulated by the mole fraction Y of anionic surfactants. Maximum
coacervation occurs at “Y*” when the complexes exhibit zero mobility [75] and presumably
zero net charge; and coacervates redissolve when the mobility departs from zero, in an
almost symmetrical fashion, similar for Y > Y* and Y < Y*. This symmetry with respect to
Y resembles the symmetry with respect to pH for BLG-TG (but not BLG-HA) at I = 10
mM, and is not uncommon for anionic polysaccharide-protein systems, despite the fact that
the magnitude of protein and polyanion change in opposite directions with pH for annealed
polyanions. The tubidity maximum pH* should correspond to
Zcomplex = nZpr + ZPA ≈ 0

(3.1)

where the dependence of n(pH), the number of proteins bound per polymer chain
on protein:polymer macroscopic stoichiometry, comprises the protein-polyanion binding
isotherm [76, 77]. If the turbidity maximum at pH* represents the attainment of charge
neutrality in a region of pH in which neither Zpr nor ZPA vary significantly with pH (as seen
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in Figure 3.2), the approach to pH* on addition of acid must from Eq (3.1) reflect an
increase in n. Thus the width of pH* - pHφ and the slope of the dashed line d[pH* pHφ]/dpH in Figure 3.1(A) correspond to the change in n as a function of pH for pH < pHc.
Zcomplex approaches zero in this region, but finally becomes positive due to a decrease in
both α and n, leading to coacervate dissolution. The symmetry seen at 10 mM for TG and
at 100 mM for HA is disrupted for HA at low salt. In a matter analogous to the polycationmixed micelle system mentioned above, symmetry is characteristic when only
coacervation occurs because deviations from complex charge neutrality with pH are similar
at pH > pH* and pH < pH*. Thus, the highly asymmetric turbidity curves in Figure 3.1(A)
are indications of phase separation that is not exclusively coacervation. While the slopes at
pH near pH* are quite variable, it is notable that all negative slopes at low pH (dissolution)
are the same, regardless of ionic strength or polysaccharide. The relationship of these
slopes to the rate of coacervate dissolution will be discussed below in the context of similar
findings for HA with monoclonal antibody. While these rates do not directly reflect the
strength of protein-PE binding, high values of pHc like those seen at low salt do, and they
correlate with the presence of precipitation at low salt. Such strong binding “on the wrong
side of the pI” indicates the importance of a BLG positive “charge patch” [5], as discussed
below.

3.4.2 The BLG-binding affinity of a polysaccharide is influenced by both pKa and
branching
The turbidity maximum designated, pH*, shown for HA and TG, but also seen
elsewhere -- e.g. for 70% de-methylated pectin [78], might be a simple measure of protein
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affinity at different ionic strengths. Large values of pH* correspond to higher protein
affinity: the number of bound proteins required for charge neutrality is attained more
readily, i.e. at higher pH. Such stronger protein binding also corresponds to large values
of n at a given protein:polymer bulk stoichiometry [77]. Empirically, in the absence of
precipitation, pH* seems to correlate, as might be expected, with polysaccharide acidity
(pKa = 2.9, 3.6 and ca. 4.0, for HA, TG and pectin [79, 80], respectively). However,
comparing the effects of structure and intrinsic acidity for different ionic polysaccharides
is complicated: for example, knowing whether to attribute the weaker BLG-binding of TG
vs HA to its lower acidity or steric hindrance. Nevertheless, despite its pKa lower than that
of pectin pKa, TG binds BLG more weakly: the interaction is suppressed at I >10 mM for
TG vs. I > 800 mM for pectin. This is presumably due to steric shielding by TG side chains.
If pH* is the point of charge neutralization, the higher negative charge of the more acidic
polyanions needs to be neutralized by more positive protein charge i.e. requiring lower pH.
This interpretation is most correct when the mean distance between charged groups on the
polyanion b is invariant over the relevant pH range. While the linear charge density 1/b
must be linked to the magnitude of protein binding affinity, comparisons among
polysaccharides are complicated by not only differences in pKa, but also in persistence
length, branching, and sequence variability, important factors in their binding to both
proteins and other colloids [12].

3.4.3 HA behaves as a “quenched” polymer at pKa< pH < pHτ*
An abrupt increase in turbidity at pH slightly above pHτ* is seen in Figure 3.1 for
25 ≤ I < 100 mM. Because Zpr per se cannot change so rapidly over such a small pH range
35

(see Figure 3.2), this must reflect the change in binding affinity expressed by n in Eq (1)
vide supra. In this region, 3.9 < pH < 4.5, HA resembles a highly charged, quenched
polymer, α changing by less than 20% with pH, thus small compared to doubling of Zpr as
shown for I = 150 mM (Figure 3.2). The onset of precipitation is thus mainly due to the
abrupt increase in Zpr at pH 4.3 at α > 0.9. However, when α decreases to 0.7 and below
(pH < 3.3), we enter the region of precipitate dissolution as signaled by constant negative
slopes, all are parallel to the slope at low pH for TG-HA vide infra. Dissolution is not seen
at α > 0.35. Thus, while the increase in protein positive charge at pH<4.3 plays a dominant
role in the formation of precipitate, the decrease in HA charge is the main determinant of
dissolution.
Eq (3.1) allows us to calculate n, assuming that pHτ* at I = 25 mM corresponds to
complex charge neutrality. Assuming that the dependence on pH of Zpr and α given in
Figure 3.2 are only weakly dependent on I [70, 81], we calculate n = 300. From the weight
basis bulk stoichiometry (r = 10) the maximum number of BLG bound per HA chain is
333. Thus, at 25 mM and pHτ* there is essentially no free BLG or HA. When the pH drops
slightly below pHτ*, only then do sufficient amounts of free BLG and free HA begin to
arise from coacervate dissolution and become available for precipitate formation. It is to
be expected that n would be diminished at higher salt. However, as will be discussed below,
while I influences n, the nature of the protein bound state depends also but differently on
I.
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Figure 3. 2 pH dependence of BLG charge (ZBLG, open circles) and degree of ionization
of HA (α, open triangles). Data for ZBLG and α are obained at 150 mM and 50 mM,
respectively; the effect of salt on ZBLG or α at any given pH can be neglected within the
ranges of pH and I of interest.

HA may also be treated as a quenched polymer in the presence of mAb, where the
relevant values of pH are far above its pKa. Turbidimetric curves in Figure 3.3(A) for
HA/mAb (pI = 9.6) resembles those for HA-BLG i.e. precipitation at pH < pHτ*. pHτ* is
far above pKa of HA, and its strong interactions with mAb lead to precipitates. A substantial
difference between HA-BLG and HA-mAb is the high values of Zpr for the latter (Figure
3b). The requirement for high Zpr at pHτ* for mAb could be attributed to the distribution of
positive charge over a wide region of this protein [68]. Support for this comes from the
values of pHc (inset graphs in Figure 3.1A and Figure 3.3A). Taking pHc as a reference
point, pHc > pI (BLG binding “on the wrong side” of the pI), is evidence of a positive
domain (“charge patch”) as shown in Figure 3.4. The absence of a single “patch” for mAb
is consistent with the observed and “expected” pHc below pI. Comparison of the onsets of
complexation vs. phase separation can be made in terms of net protein charge accumulated
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at coacervation beyond the point of initial binding. This yield |Zφ- Zc| = +30 for both
proteins. This result indicates the predominant role of net charge in determining the point
of coacervation despite the absence of a mAb charge patch.

Figure 3. 3 (A) “Type 1” turbidimetric titration (addition of HCl) of HA (0.1 g/L) with
mAb (1 g/L) at various I, 100 mM (), 75 mM (), 50 mM (). Photos show the
transitions from coacervate to precipitate, and precipitate dissolution, in 25 mM salt. Inset
in (A) shows determination of pHc (arrow). (B) pH dependence of HA degree of ionization
from Figure 3.2; net charge of mAb obtained as in ref [82] for a mAb of nearly identical
Mw [82].
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A)
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10 Å

Figure 3. 4 Depiction of BLG electrostatic potentials (blue and red +0.5 kT/e and -0.5
kT/e, respectively) at pH 5.0 in (A) 20 and (B)100 mM NaCl. Scale 10 Å.

Given the multiple differences among the three systems studied here, HA/BLG,
HA/mAb, and TG/BLG, it is quite notable that the slopes dτ/dpH observed at pH ca. 1 pH
unit below pKa are remarkably similar. For acidification at a constant rate (dpH/dt), the
observed constant slopes dτ/dpH = (dτ/dt)(dpH/dt)-1 correspond to constant (dτ/dt),
corresponding to constant rates of dissolution. In this range of low α, charges on TG are
too weak to neutralize the charge on BLG, so coacervate dissolves. For the two systems
with HA, HA charges are too weak to stabilize the precipitate whose dissolution then
depends on the rate of permeation of water into the particles. However, the fact that both
the precipitate-free TG-BLG system and the precipitated HA-BLG system display the same
values of slope dτ/dt suggests that the precipitates suspended in a coacervate continuous
phase have little effect on transmittance, and furthermore that coacervate dissolution
reflects events independent of the details of protein or polysaccharide structure. As the pH
for HA-BLG is decreased downward from 4.25 (forward titration: Figure 3.5A),
precipitates formed in the presence of coacervate increase visually in number and size
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while the coacervate continues to dissolve, as pH further decreases to 3.3. The back titration
(addition of base, Figure 3.5B) begins at pH 2.0 with an optically clear (coacervate- and
precipitate-free) solution. The increase in turbidity between pH 2.0 and 2.5 is attributable
to the formation of precipitate, accompanied at pH ≈ 2.7 by formation of coacervate. The
subsequent increase in turbidity up to pH 3.6 appears to be due to scattering from the
interparticle phase (coacervate), increasing continuously up to pH 4.3.

Progressive

decreases in turbidity beyond pH 4.3 arise from dissolution of first coacervate, and then
precipitate, complete at pH 5.7. The reversibility shown in Figure 3.5 A and B,
encompassing both precipitation and coacervation, suggests retention of protein structure,
consistent with the preservation of enzyme activity within coacervate droplets [47].
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Figure 3. 5 pH dependence of the turbidity and system state for HA (0.1 g/L) and BLG (1
g/L) mixture with respect to pH in 25 mM NaCl, upon addition of acid (A) (forward
titration) or base (B) (back titration). Inset photographs from the forward titration: (A1)
Suspension of coacervate droplets, (A2) precipitate formation in the presence of
coacervate, (A3) coacervate dissolution in the presence of precipitate, and (A4) complete
dissolution of precipitate. Inset photographs from the back titration: (B1) coacervate
formation in the presence of precipitate; (B2) continuation of coacervation in the presence
of precipitate; (B3) precipitate dissolution. (B4) Complete dissolution.
3.4.4 Coacervation and Precipitation
Coacervation and precipitation are fundamentally different. Coacervation requires
charge-neutral complexes whose net charge Zcomplex = ZHA + nZpr is near zero, [83] i.e.
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microscopic stoichiometry y ≡ +/- ≈ 1. Since the complex is subject to a binding isotherm,
y depends on the bulk stoichiometry, r = Cpr/CHA. Thus, for the systems studied here,
coacervation, in contrast to precipitation vide supra, can be induced by changing r [84],
but precipitation cannot. If coacervation upon addition of acid begins with excess HA (r is
small), based on charge, the coacervate itself, with y ≈1, must in order to achieve neutrality
deplete the solution of protein. By mass action, this would lower the number of proteins
bound per HA chain n. However, an increase in protein positive charge (Zpr) accomplished
by diminution of pH can, by increasing protein binding affinity, compensate for the
decrease in r. As n continues to fall due to protein depletion, charge neutrality can no longer
be attained, and coacervation ceases. In contrast to coacervation, precipitation reflects not
only how many proteins are bound but how they are bound, i.e. with or without desolvation.
Here desolvation depends on the BLG-HA binding affinity which is not subject to mass
action, but for each protein bound leads to expulsion of counterions and loss of water.
Consequently, for the systems studied here, precipitation cannot be induced by changing r
at fixed I and pH [85], while coacervation requires suitable stoichiometry to yield
complexes of low net charge. Far from stoichiometry, complexes with y ≠ 1 cannot
coacervate, but can precipitate.
Focusing on the values of pHτ* at 25 and 100 mM (both conditions for attaining
charge neutrality at pHτ*), we see from Figure 3.2 that Zpr* (the value of Z at pH = pHτ* via
Figure 3.2) increases from +10 to +35 with increasing salt, because increased screening by
salt must be compensated by higher protein charge density. From the condition of charge
neutrality, we calculate from Eq (3.1) that the increase in ionic strength is coupled with a
decrease in n from 300 to 50 (the inverse relationship between n and Zpr at pHτ* is merely
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a consequence of Eq (1)). However, while Zpr = +10, I = 25 mM; and Zpr = +30, I = 100mM
are both conditions of charge neutralization and coacervation, only the former leads also
to precipitation. There are two explanations: 1) the effect of reduction in I on n is different
from its effect on the way in which each protein is bound (especially desolvation); and 2)
while the net protein charge modulates electroneutrality, it is the local or positive “charge
patch” of BLG (see Figure 3.4), retained even when the net charge is relatively small that
dictates whether HA-BLG complexes are desolvated (precipitate) or well solvated
(coacervate). Under these conditions, precipitation can be favored over coacervation, but
this might occur via shifts in dense phase-continuous phase equilibria, or direct
solidification or syneresis of coacervate. Future work will emphasize more precise
microscopic imaging to observe such events, and to verify the current conclusion that
droplets of coacervate themselves do not directly become precipitate, at least upon
diminution of pH.

3.5 Conclusions
The interaction of the polyanion hyaluronic acid (HA) with proteins (here, BLG or
mAb) induced by addition of acid can lead to coacervation or precipitation, and these two
forms of phase separation can be observed simultaneously, e.g. with precipitate forming
while coacervate undergoes dissolution. While coacervation can occur in the absence of
precipitation, precipitation is always preceded by coacervation. The two events, linked
through common equilibrium with soluble species, follow independent paths: Coacervation
requires complex charge neutralization (the product of the number of bound proteins n and
their positive charge Zpr close to the net charge of HA), while precipitation requires
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intimate protein-polyanion contact and low ionic strength. The number of proteins bound
controls coacervation, but the way in which they bind determines the nature of the dense
phase. In other words, while both the local positioning of polyanion segments bound to the
protein surface, and the number of proteins bound per polyanion chain, are aspects of
binding affinity, they may have different pH dependence. As a result, the pH interval
between coacervation and precipitation depends on charge anisotropy, as shown by the
difference between HA-BLG and HA-mAb, the latter protein sometimes having both larger
Zpr and smaller Zpreff. The proximity of the onsets of coacervation and precipitation is thus
highly system-dependent, and measurements of turbidity alone cannot be relied on to
distinguish one from the other if their respective pH regions overlap. Because both
precipitate and coacervate are in equilibrium with free polyanion and protein in the
continuous phase, precipitation may appear only when the dissolution of coacervate
releases free HA and BLG. Due to the low pKa of HA, the role of its charge density 
becomes important only at pH < 4: precipitates are unstable when α is less than 0.5, i.e. an
average intercharge distance of b > 5-6Å. However, even at high linear charge density and
low salt, the ability of TG to precipitate with BLG is inhibited by its side chains.
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CHAPTER 4
POLYSACCHARIDE ZETA-POTENTIALS AND PROTEIN-AFFINITY

Fatih Comert, Fatemeh Azarikia, and Paul L. Dubin, Physical Chemistry Chemical Physics
19 (31), 21090-21094, 2017

4.1 Abstract
The ζ-potential, a parameter typically obtained by model-dependent transformation
of the measured electrophoretic mobility, is frequently used to understand polysaccharideprotein complexation. We tested the hypothesis that two anionic polysaccharides with
identical ζ-potentials would show equal binding affinity to the protein β-lactoglobulin
(BLG). We selected two polysaccharide polyelectrolytes (PE) with very different
structures: hyaluronic acid (HA) and tragacanthin (TG). Highly precise (+/- 0.1%)
turbidimetric titrations were performed to determine critical pH’s of complex formation;
and PE ζ-potentials were measured for different ionic strengths I at those critical pH values.
While phase boundaries (pHc vs. I) showed that HA binds to BLG more strongly (e.g. at a
lower pH, for fixed I), comparisons made at fixed ζ-potential indicated that TG binds more
strongly. The source of this contradiction is the effect of the bulky side chains of TG on its
friction coefficient which diminishes its mobility and hence the resultant ζ-potential; while
having a distinctly separate effect on the interaction between BLG and the carboxylated
backbone of TG. Thus, unless the locus of the bound protein coincides with the shear plane,
the ζ-potential does not directly contribute to electrostatic PE-protein interaction.
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4.2 Introduction
The binding of polyelectrolytes to proteins plays a significant role in many areas
including: enzyme immobilization [86], protein purification [7], tissue engineering [16]
and biomedical applications of glycosaminoglycans [87]. Since the driving force is
primarily electrostatic, the key parameters controlling binding affinity are polyelectrolyte
linear charge density , the local surface charge density of the protein eff, and the ionic
strength I. These variables are in principle well-defined for systems of simple geometry
through the expression
crit  a b

(4.1)

where  is the Debye length, and crit is the surface charge density of a hypothetical sphere
at the onset of polyelectrolyte binding, and the exponents determined theoretically [22, 23,
88] are generally in agreement with those obtained by experiment [55, 58]. However,
identification of a protein “charge patch” related to eff is hardly trivial (although some
rules may be suggested), and identification of  becomes more challenging for
polyelectrolytes of complex structure.
This situation can be especially complicated for the PE-protein systems that account
for proteins binding to polysaccharides, which in fact account for much of the literature
due to ongoing interest in food systems [11, 89]. The proteins of interest may be dimerized
or aggregate; the polyelectrolytes (anionic polysaccharides) vary greatly with respect to
e.g. branching, ionic groups (sulfate or carboxylate) arising from natural origins.
Confronted with the diversity of polysaccharides such as alginates, tragacanthin, gum
Arabic and pectin, key structural parameters related to  seem elusive, compounding the
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problem of identifying the related oppositely-charge protein domain, so that prediction of
polyelectrolyte-protein affinity, and important consideration for food system phase
behavior, becomes challenging.
Here we compare the protein-binding affinity of two anionic polysaccharides. The
first is the structurally simple hyaluronic acid (HA), a linear carboxylated polyanion with
uniform spacing ca. 1 nm between COOH groups, and a low pKa ~ 3.0 such that it can be
considered fully charged at pH > 4. The biochemistry of HA is anything but simple, with
implications for cell proliferation, recognition, distribution and transport of plasma
proteins, far beyond its well-known functions in synovial and ocular fluids [90]. By way
of contrast we choose tragacanthin (TG), whose higher structural linear charge density is
modulated by irregular branching of neutral polysaccharides along its carboxylated
backbone. Its associated protein in food systems -lactoglobulin (BLG) associates with
either polysaccharide electrostatically via a positive domain enabling complexation to
occur even at pH > pI (“binding on the wrong side of pI”). While the polysaccharide
branches of TG must impede proximity to BLG, its linear charge density is twice that of
HA both because of reduced spacing (~ 0.5 nm) between carboxyl groups along the
backbone, and because of an intrinsically lower pKa. Our interest was in finding whether
parameters such as pKa, , chain stiffness, or branching density could effectively account
for its BLG-affinity relative to HA. If the relation between binding affinity and structural
features is elusive, we considered whether measurements of -potential, a common tool in
food science, could prove a good predictor. If the -potential captures the relevant
polyelectrolyte features, then two polysaccharides with equal -potential would be
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indistinguishable, e.g. with regard to the interdependence of protein charge Z and ionic
strength I (the “phase boundary”) at critical conditions.
To investigate this hypothesis, we first constructed the phase boundary comprising
the conditions for BLG-polysaccharide complex formation for TG, and for HA, as critical
pH as a function of ionic strength. We transformed these into the more meaningful plots
of critical protein net charge Zc vs. I. We then present Z as a function of I to show – as
demonstrated elsewhere [12] – that binding on the wrong side of pI occurs because of the
existence of a charge patch related to a local charge density eff. We attempted to capture
the third fundamental variable  via the -potentials of HA and TG. We measured these at
fixed pHc, i.e. at fixed protein net charge. This is an essential strategy, because polyanion
mobility cannot be adjusted via pH independently of protein charge, as would be the case
for “quenched” (pH-independent) polyanions [91].

4.3 Experimental
4.3.1 Materials
Hyaluronic acid (HA, MW 1.2×106), produced by Streptococcus and purified by
filtration through activated charcoal, was a gift of Shiseido Co. (Japan). BLG (18 kDa),
purified by ion-exchange chromatography, was a gift from C. Schmitt (Nestle, Lausanne).
Tragacanthin was prepared from gum tragacanth (Astragalus gossypinus) as described
elsewhere [69]. Milli-Q water was used in all sample preparation.
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4.3.2 Methods
4.3.2.1 Turbidimetry
Highly precise turbidimetric “Type 1” titrations were carried out to determine pHs
of complex formation (pHc). HA (0.2 g/L), TG (1 g/L) and BLG (2 g/L) solutions were
prepared at desired NaCl concentrations (I = 1-100 mM), filtered (0.22 µm Millipore), and
then mixed at equal volumes to give 10 mL total volume with an initial pH of 7.0 for HABLG, and 6.5 for TG-BLG. Final mixing weight ratios were r = 10 for HA-BLG and r =
2 for TG-BLG. Addition of 0.1 M HCl (“Type 1” titrations) with a 2.0 mL Gilmont
microburet to a final pH of 2.0 with simultaneous monitoring of pH and transmittance (T),
was done while stirring. Turbidity, reported as 100 - %T, was measured using a Brinkmann
PC 800 colorimeter equipped with a fiber optics probe (path length b = 2 cm) and a 450
nm filter. True turbidity is defined as τ = -log T/ b, but for convenience we report 100 - %T
which is linear with τ for over most of the range of interest. pH and %T was recorded at
every 30 seconds (values of %T stabilize immediately within ±0.2 %T in the region of
soluble complexation) [9].

4.3.2.2 Zeta potential
ζ-potentials were measured with a Malvern ZetaSizer Nano at different ionic
strengths, and corresponding pHc values. The concentrations of HA and TG were 0.1 g/L
and 0.5 g/L, respectively. Reported ζ-potentials were the average for three samples, each
sample being measured only three times to avoid sample degradation due to voltage.

49

4.4 Results and Discussion
Figure 4.1 demonstrates the determination of the critical condition for binding upon
variation of pH at fixed ionic strength. In the region pH > pHc, a number of techniques such
as dynamic light scattering [57] or fluorescence [92] show that these and other measured
quantities are simply the sum of protein and polymer contributions. Turbidimetry, here
precise to ±0.2%, equally well indicates conditions for incipient complex formation as
shown in Figure 4.1.

Figure 4. 1 “Type 1” turbidimetric titrations (addition of HCl) at I = 25 mM for BLG/HA
showing method of measuring pHc (the onset of binding).

The ionic strength dependence of pHc in Figure 4.2 comprises the boundary
between non-interacting and complex-formation states, which is seen to be drastically
different for HA and TG. This allows us to compare the protein-affinity of the two
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polyelectrolytes at a fixed pH such that the protein charge state is roughly identical, and at
conditions corresponding to the onset of binding. Considering a fixed pH of 4.8 (broken
line of Figure 4.2), complexes of TG and BLG are disrupted when the ionic strength
exceeds 25 mM; complexes of HA and BLG are disrupted only when the ionic strength
exceeds 100 mM. In that sense, the critical ionic strength is a measure of protein-PE
affinity. Put differently, BLG in the presence of HA in 100 mM salt experiences an
attraction energy near kT, as is the case for TG in 25 mM salt. Such critical ionic strengths
have been used elsewhere as surrogates for binding affinity [93, 94].

Figure 4. 2 Phase boundaries for BLG (1 g/L) + HA (0.1 g/L) or TG (0.5 g/L): The lines
separate regions of complex formation (I) and non-interaction (III). The region (II) between
the lines corresponds to conditions under which BLG binds to HA but not to TG. Figure
4.1 provides an example of the determination of pHc by pH titration at fixed ionic strength.

Since many of the values in Figure 4.2 correspond to pH > pI, it is appropriate to
consider that this binding “on the wrong side of the pI” involves a positive “charge patch”
(Figure 4.3). Such charge patches are not arbitrary but fulfill a number of criteria first put
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forward to explain the BSA-HA phase boundary [72]: constancy of appearance and
magnitude at multiple pHc/I combinations, enhancement at high pH or lower I, and a
magnitude (mV) and position of the protein potential surface ψpr such that the effective
charge of the bound polyanion ZeffPE multiplied by ψpr is on the order of kT. In contrast to
BSA, which has a large biofunctional (fatty acid-binding site), BLG has a relatively more
diffuse positive patch. While the nature of the BLG charge patch disclosed by modeling
may be ambiguous, Figure 4.3 provides additional evidence of its existence.
Furthermore, estimations of the effective charge of the bound polyanion are limited
by the complexity of TG, a primary issue in the present work. Figure 4.2 shows that at 20
mM salt the requisite pH for binding of BLG to TG is far below that for HA (4.8 vs 6.2).
Thus, the positive domain of BLG shown in Figure 4.3 is barely adequate for TG binding,
but sufficient for strong binding to HA. The implication of this result is that the electrostatic
potential of the polysaccharide that overlaps with the positive domain of BLG is far lower
for TG than for HA. We suggest that this is not a consequence of linear charge density 
which is larger for TG (distance between COOH groups = 0.5 nm) than for HA (1 nm), but
rather the result of TG side chains which inhibit the approach of protein and
polysaccharide. The positive domain of the protein is then located at a position dictated by
the branches of TG. If those branches also determine the “shear plane” of TG, we might
conclude that the binding is determined by the potential at the shear plane.
Experimental verification of Eq (4.1) is possible for isotropic colloids with uniform
surface charge density , and simple PE’s with synthetically controlled linear charge
densities . In the present case,  is difficult to define for anisotropic proteins, and the role
of the PE structural charge density is complicated by the irregular structure of TG.
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However, if the effective protein charge is considered to be fixed by pH, then it might be
thought that  could replace  if the positive charge patch of the bound protein resides at
the PE shear plane for both TG and HA. A direct relationship between the charge patch eff
and the net protein charge Z protein charge might be proposed.

10 Å

Figure 4. 3 Depiction of the positive polyanion-binding “charge patch” of BLG via
modeling (DelPhi) [73]. Electrostatic surface potentials (blue and red +0.5 kT/e and -0.5
kT/e, respectively) at pH 5.4 in 4.5 mM NaCl. Scale 10 Å. At typical conditions of Figure
4.2, higher pH and salt, the positive domain would be considerably diminished, i.e. able to
bind an HA disaccharide.
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Figure 4. 4 Results of Figure 4.2 expressed as the ionic strength dependence of Zc, the net
protein charge at conditions of incipient complexation. Inset shows the dependence of Zc
on Ia where a = 1.6. At fixed I, the value of Zc, the protein charge required for complex
formation, is larger for TG than for HA.

The inset of Figure 4.4 suggests that Zc, the net protein charge required for polymer
binding plays a fundamental role, as seen in the uniform dependence of Zc on Ia for HA.
On the other hand, the absence of any special feature at Zc = 0 can only be explained by a
charge patch. We assume that this locally positive domain is the same for both
polyelectrolytes, given their effective stiffness (persistence lengths of 9 and 14-26 nm for
HA [95] and TG [96], respectively) which makes them rod-like relative to the positive
protein domain. In the PE-bound state, the protein positive domain is located at a position
near the PE where the electrostatic potential ψPE is such that (Zeff)(ψPE)  kT. While the
relationship between ψPE and  is clear [91], the relationship between ψPE and ζ, the
potential at the shear plane is here the subject of inquiry.
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The terms in Eq (4.1) , , and  can be separated when they are controlled by pH,
synthesis, and salt, but in the current case, pH controls both  and  [97]. Thus, the polymer
with larger , like the polymer with larger , bind more strongly, e.g. binding could occur
at higher salt. Similarly, two polymers with equal , should bind equally well (same pHc at
any given I). However, Figures 4.2 and 4.4 demonstrate the lower protein affinity of TG,
the polymer with higher , indicating the importance of structural features other than PE
backbone charge density. Such bulky side-chains present on TG, reduce its protein affinity
relative to HA. Thus, in Figure 4.2, at fixed pH, less salt is required to disrupt the complex
with TG. Similarly, the region of stable complexes (low salt, positive protein charge)
shown in Figure 4.4 is diminished for TG relative to HA.
A different view of relative binding affinities of the two polysaccharides appears
when we consider  as in Figure 4.5, analogous to pHc vs.  as noted above [91]. Every
data point in Figure 4.5 corresponds to a pH/I pair (see Table 4.1) that falls on the phase
boundary of Figure 4.2. The region of stable complexes (I) comprises low pH (high positive
protein charge) and and/or large negative PE -potential; however, the diminution of this
region for HA suggests that it is the weaker binder, in contradiction to the results in Figures
4.2 and 4.4. Put differently, for any PE, a larger value of pHc corresponds to stronger
binding: the complex formed is more resistant to dissociation upon the addition of base. It
would then be expected that TG and HA at identical  have equal BLG-affinity; clearly,
this is not the case, as TG complexes appear more resistant to pH increase. If the protein
were bound at the shear plane, the -potential (the potential at the shear plane) would
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control the binding. In that case, two PE’s with equal -potentials would exhibit the same
critical conditions for binding, which is not observed.

Figure 4. 5 ζ-potential of TG and HA at different pHc values. [TG] = 0.5 g/L, [HA] = 0.1
g/L, every data point corresponds to a pH/I pair that falls on the phase boundary of Figure
4.2. The broken line represents the case of TG and HA with the same -potential. However,
if the pH were lowered from pH>6 in the presence of both PE’s, TG would bind first,
contradicting Figure 4.2, which also shows binding (I) and non-binding (III) regions.

Table 4.1 Zeta potentials of HA and TG at critical pH

pHc
6.2
5.8
5.5
5.2
4.65

ζ of
Tragcanthin
(mV)
-24 ± 1
-22 ± 1
-21 ± 1
-19 ± 1
-16 ± 2

I (mM)

ζ of HA (mV)

I (mM)

1.0
6.0
13
15
25

-32 ± 3
-25 ± 1
-24 ± 1
-22 ± 1
-20 ± 1

25
50
63
69
100
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It should be noted that larger values of ζ-potential for HA reflect in fact its larger
electrophoretic mobility, even though it has a lower linear charge density  than TG. The
lower apparent ζ-potential for TG does not arise from a lower surface potential (ψPE) near
the polysaccharide backbone, but rather is a result of a larger friction coefficient due to its
bulky side chains. However, the friction coefficient per se does not directly affect binding.
The schematic of Figure 5.6 helps us consider two effects of the bulky side chains of TG
(Figure 5.6A). First, due to their hydrodynamic drag they reduce the electrophoretic
mobility, and thus the reported value of ζ. Second, they increase the distance between the
mean position between the bound protein patch and the location of COO- groups relative
to HA (Figure 5.6B). These dual contributions of side-chains lead us to suggest that values
of ζ may not be effective surrogates for electrostatic protein-binding affinity of complex
polysaccharides.
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A)

B)

Figure 4. 6 Schematic view, sighting along the polysaccharide backbone, of the location
of surface (ψPE) and ζ-potentials of (A) TG (B) HA. Upper pictures in A and B show the
binding at the shear plane while lower pictures show the binding within the shear plane.
Locus of bound protein is more variable for TG, because bulky side chains are not
uniformly distributed along the carboxylated backbone.
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4.5 Conclusions
We tested the use of the ζ-potential as a measure of the BLG-binding affinity of the
two structurally different polyanionic polysaccharides: hyaluronic acid (HA) and
tragacanthin (TG). The higher linear charge density of TG (mean distance between COOH
groups) might be expected to lead to both a larger ζ-potential and stronger protein binding.
If the bound protein resides at the shear plane, then the ζ-potential of both polyelectrolytes
(PEs) should be the same at critical conditions for binding. The proposal that two PEs with
the same ζ-potential have equal protein affinity is equivalent to the hypothesis that the
positive patch of the bound protein resides at the shear plane. However, the “positive
domain” of the protein need not, in the bound state, reside at the shear plane. If the bound
protein penetrates beyond (within) the shear plane, it experiences a higher potential due to
the PE backbone. It then binds more strongly than one would predict from the ζ-potential.
Using the ζ-potential can then underestimate the protein-binding affinity of a highly
branched polysaccharides, especially if the protein can penetrate closer to the backbone.
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CHAPTER 5
PRECIPITATE - COACERVATE TRANSFORMATION IN
POLYELECTROLYTE-MIXED MICELLE SYSTEMS
Fatih Comert, Duy Nguyen, Marguerite Rushanan, Peker Milas, Amy Y. Xu, and Paul L.
Dubin, The Journal of Physical Chemistry B 121 (17), 4466-4473, 2017

5.1 Abstract

The polycation/anionic-nonionic mixed micelle, poly(diallyldimethylammonium
chloride)-sodium dodecyl sulfate/Triton X-100 (PDADMAC-SDS/TX100), is a model
polyelectrolyte-colloid system in that the micellar mole fraction of SDS (Y) controls the
micelle surface charge density, thus modulating the polyelectrolyte-colloid interaction.
The exquisite temperature dependence of this system provides an important additional
variable, controlling both liquid-liquid (L-L) and liquid-solid (L-S) phase separation, both
of which are driven by the entropy of small ion release. In order to elucidate these
transitions, we applied high-precision turbidimetry (± 1 ppt), isothermal titration
calorimetry, and epifluorescence microscopy which demonstrates preservation of micelle
structure under all conditions. The L-S region at large Y including precipitation displays a
remarkable linear, inverse Y-dependence of the L-S transition temperature Ts. In sharp
contrast, the critical temperature for L-L coacervation Tφ, shows nearly symmetrical effects
of positive and negative deviations in Y from the point of soluble complex neutrality, which
is controlled in solution by the micelle charge and the number of micelles bound per
polymer chain n (Zcomplex = Zpolymer + nZmicelle). In solid-like states, n no longer signifies the
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number of micelles bound per polymer chain, since the proximity of micelles inverts the
host-guest relationship with each micelle binding multiple PE chains. This intimate binding
goes hand-in-hand with the entropy of release of micelle-localized charge-compensating
ions whose concentration depends on Y. These ions need not be released in L-L
coacervation, but during L-S transition their displacement by PE accounts for the inverse
dependence of Ts on micelle charge, Y.

5.2 Introduction
Liquid-liquid (L-L) or liquid-solid (L-S) phase transitions have been observed and
studied for mixtures of polyelectrolytes (PEs) with oppositely charged micelles [98-103].
In these systems the role of surfactant monomers is negligible when surfactant
concentrations (typically on the order of 50 mM) are far above the critical micelle
concentration (cmc) of the mixed micelle (approximately 0.2 mM for SDS/TX100) [104].
The predominance of PE-micelle interactions then allow these systems to serve as models
for PE-colloid systems in general, bridging theories for the interaction of PEs with isotropic
oppositely charge surfaces [22, 23], with protein-PE systems in which the charge and
geometry of the colloid is highly anisotropic [7, 105]. The widespread interest in the
properties and phase behavior of these systems is due to their numerous applications in
different areas ranging from personal care to pharmaceutics [3, 4, 106]. Depending on the
type of application, either L-L (i.e. coacervation) or L-S (i.e. precipitation) phase separation
might be desirable. However, for most applications involving coacervation of PE-colloid,
irreversible L-S phase separation (precipitation) is problematic. Thus, it is necessary to
illuminate the nature of the L-S transition in such systems and its relationship to
61

coacervation. Although factors influencing L-L phase separation (coacervation) of PEcolloid systems have been extensively studied [8, 10, 11, 28, 77], a comparable
understanding of the L-S phase separation is lacking.
A striking virtue of polyelectrolyte-mixed micelle systems is the ability to
monotonically (and often reversibly) vary micelle surface charge density σ by way of the
ionic surfactant mole ratio Y = [Anionic]/([Anionic]+[Nonionic]). This makes it possible
to demonstrate the onset of soluble complex formation at Yc [20], thus providing the first
experimental validation of the theoretical prediction of a critical surface charge density σc
[58], for phase-transition-like PE adsorption on surfaces of opposite charge [22, 23]. The
energy of binding polymer segments to the colloid surface exceeds thermal energy at
σc ξ ~ κa

(5.1)

where σ is the surface charge density, κ is the reciprocal Debye length, and ξ is the
dimensionless PE charge density [58]. Yc, corresponding to σc in Eq (5.1), thus depends on
ionic strength and PE charge, but not on its molecular weight or PE:surfactant
stoichiometry. Ionic strength can also play a role unrelated to screening, when the adsorbed
PE displaces condensed or locally accumulated counterions from the colloid surface [22,
23, 107-110], e.g. at large Y (vide infra).
Other “critical” values of Y appear in the turbidimetric titrations of PE-nonionic
micelles with ionic surfactant [20], although, unlike Yc, these transitions are subject to mass
action laws, since colloid:PE ratios control the colloid-PE complex charge [111]. The
resultant phase boundaries show five regions separated by well-defined transitions at Yc,
Yφ1, Yφ2, Ys. At Yc, association of near-charge neutral soluble complexes leads to abrupt LL phase separation (coacervation) at Yφ1. After maximum turbidity is reached, further
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increase in Y (away from complex charge neutrality) causes redissolution of the coacervate
at Yφ2. Further increase in Y may lead to liquid-solid (L-S) transition, Ys. Basic
understanding of the L-S transition has been lacking, even though elucidation of these
transitions can be relevant to corresponding transitions at pHc, pHφ, pHp observed for
protein-PE systems [9, 35, 63].
Kumar et al. extensively studied the temperature dependence of the PDADMACSDS/TX100 system, primarily as a function of Y, with limited work on effects of PE MW,
ionic strength, and polymer-sufractant stoichiometry [29]. Temperature-dependence of
turbidity at different values of Y showed inflection points designated as Tφ, and the
dependence of Tφ on Y constituted a phase boundary separating L-L (coacervate) regions
from single-phase (solution) conditions. A local minimum in Tφ(Y) was observed at Y*~
0.35, a condition shown in separate studies to correspond to the point of soluble complex
charge neutrality [20]. That this was the condition most favorable for coacervation was
also confirmed by a maximum in turbidity at Y* upon isothermal variation in Y. Nearly
symmetric increases in Tφ upon either increase or decrease in Y clearly arose from
deviations from complex neutrality. However, this “binodal” appearance of Tφ(Y)
completely disappeared at Y > 0.45, where Tφ varied inversely and almost linearly with Y,
and visible observations suggested transitions to more dense phases, sometimes particulate.
These transitions are the subject of the current work.
Aside from the limited observations in Kumar et al., the region of precipitate
formation has not been extensively studied in other polyelectrolyte-colloid systems,
although PE-protein systems can also show transitions to either coacervate or precipitate
depending on pH [35]. The polyelectrolyte-micelle system offers important advantages,
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including temperature as a variable, with charge- and geometric isotropy much less
individualized than proteins. However, coacervate and amorphous precipitate may be
observed together in the region of large Y [29], leaving unanswered the question of whether
coacervate can transform into solid. This question is especially challenging when both
phases tend to be observed together. While precipitate has not been observed to transform
into coacervate, a related transformation i.e. complete dissolution of precipitate followed
by the formation of coacervate, has been reported in polyelectrolyte-protein systems [35].
Our interest here is to understand an apparently well-defined boundary for the liquid-solid
transition in the PDADMAC-SDS/TX100 system, and the peculiar apparent linearity of Tφ
with respect to Y. High-precision turbidimetry, microscopy and measurements of water
content were used to understand the effect of Y on the reversibility of precipitates heated
to different temperatures. Calorimetry was used to indirectly reveal the magnitude and type
of entropic driving forces as a function of Y. The integrity of micelles in reversibly
temperature-induced precipitates was demonstrated via epifluorescence microscopy.

5.3 Experimental
5.3.1 Turbidimetry
Appropriate amounts of PDADMAC (Mn = 458 kDa), and TX100 were dissolved
separately in 0.40 M NaCl, and the two solutions were mixed after filtration (0.22 µm PES
(Millipore)) to form a solution 1.5 g/L and 20 mM in PDADMAC and TX-100,
respectively. 10 mL of the PDADMAC-TX100 mixture was titrated with 60 mM SDS in
0.40 M NaCl solution using a 2.0 mL microburet (Gilmont). After each 0.05 mL addition
of SDS, corresponding to values of the micellar mole fraction (Eq 5. 2),
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Y

[ SDS ]
[ SDS ]  [TX 100]

(5.2)

the transmittance (T) was measured at λ = 420 nm with a Brinkmann PC800 probe
colorimeter equipped with a 2 cm path length (b = 2 cm) optical probe. Values of %T,
typically stabilized within 15 s, were recorded after 1 min. For convenience, we used 100%T, which is linear with the turbidity τ = - log T/b. Titrations were done at room
temperature except where noted otherwise. Temperature ramp measurements were
performed in order to determine Tφ and Ts, the critical temperatures for liquid-liquid, and
liquid-solid Ts phase separations, respectively. The determination of these as points of
deviation from lines of zero slope is shown for example, by inset A of Figure 5.2A.

5.3.2 Epifluorescence microscopy

Microscope chambers, with flow channel dimensions approximately 0.1 mm deep,
3 mm wide, and 20 mm long, were formed from upper and lower coverslips (22 mm x 22,
and 22 mm x 30 mm, respectively) after treatment with UVO Cleaner (Model 42, Jelight
Company Inc.) to minimize background fluorescence. Channel depth corresponded to
thickness (0.1 mm) of double-sided tape. Immediately after filling with PDADMACSDS/TX100 solution (Y =0.55) containing 0.002 g/L Nile Red, the channel was sealed on
both ends with silicone grease. Images were acquired using a Nikon Eclipse Ti microscope
with a Zyla 5.5 sCMOS camera, and “extra-long working distance” condenser and
objective lenses (0.3 NA and Plan Fluor 40x, 0.6 NA, respectively) both from Nikon,
Melville, NY). The exposure time was 50 ms and images were acquired at 500 ms/frame.
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Heating and cooling rates of at 1 °C/min were obtained with a temperature controller stage
(mK2000, Instec).

5.3.3 Isothermal titration calorimetry
In these “Type 2 titrations,” mixed SDS/TX100 micelles prepared in 0.4 M NaCl
solution with 77.6 g/L TX100 at Y = 0.30, 0.40 and 0.55, were titrated into 1.44 g/L
PDADMAC, also in 0.40 M NaCl at 25 C in the injection cell of a VP-ITC
microcalorimeter (MicroCal Inc., Northampton, MA). Both micelle and polymer solutions
were degassed under vacuum for 7 min prior to titration. Each titration comprised 29 10
μL- injections, 300 s apart, under stirring with a magnetic flea at 307 rpm. The heats of
dilution for both the micelle and polymer solutions were measured and subtracted from the
raw ITC data appropriately.

5.3.4 Dry weight measurements
The necessary volume of SDS (60 mM) was added to a PDADMAC (1.5 g/L)- TX100 (20 mM) mixture to bring Y to 0.55, 0.6, and 0.68. Amorphous precipitates were
separated from supernatant by centrifugation (14,000 rpm for 10 min). After removing
supernatant, the precipitate was air dried to remove surface water. Precipitate was dried to
constant sample weight at 100 °C.
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5.4 Results and Discussion
5.4.1 Transitions induced by change in micelle charge (Y) at fixed temperature
Progression through the phase transitions with increasing micelle surface charge
density is shown by the turbidimetric titration results in Figures 5.1 (A) and (B). The two
well-known and well-characterized critical points Yc = 0.23 and Yφ1 = 0.31 correspond to
the micelle surface charge densities leading to sequential formation of soluble complexes
and then coacervate.

A third transition at Yφ2 designates the abrupt dissolution of

coacervate to form a stable one-phase system in which the charge of soluble complexes is
net-negative [20]. The intermediate state of Y* = 0.34 displays a local turbidity maximum,
corresponding to complex charge neutrality based on measurements below Tφ [29]. The
onset of liquid-solid phase separation is seen at Ys = 0.55 at T= 29 °C. Figure 5.1B shows
the appearance of the system at Yφ1, Y*, Yφ2, and Ys and beyond. The time-dependent
images at Ys = 0.55 (taken at 30 s intervals) suggest that this transition might be kinetically
controlled, unlike the rapidly reversible transitions of entering and leaving the coacervation
region which is centered around Y* = 0.34. The absence of time dependence in the L-L
separation region suggests different mechanisms for coacervation vs. precipitation.
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A)

B)

Figure 5. 1 (A) Turbidity of PDADMAC (Mn = 458 kDa, 1.5 g/L)-SDS/TX100 as a
function of Y (micellar mole fraction of anionic surfactant) in 0.4 M NaCl at 27 ± 1 °C.
Transition points Yc, Yφ1, and Ys (0.23, 0.31, 0.55) correspond respectively to initial
formation of soluble complex, coacervate, and precipitate. Inset: determination of
transition points, images at <Yφ1, Y*, Ys. (B) Progression including coacervate dissolution
at Y = 0.36, and time dependent precipitation (Y = 0.55).

5.4.2 Transitions induced by temperature change at fixed micelle charge (Y)
As noted above, increases in turbidity with temperature lead to empirical definitions
of Tφ, but those earlier measurements ref [29] did not explicitly discriminate between L-L
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or L-S separation, and did not consider kinetic effects. The insert A in Figure 5.2A shows
that the transition temperature which is independent of heating rate. However, the transition
temperature associated with return to a one-phase system does depend on cooling rate (vide
infra). The Y-dependence of L-L and L-S transition temperatures are combined in Figure
5.2A obtained either from isothermal turbidimetric titrations done for a number of Y values,
or heating at fixed Y. On phenomenological grounds, to be discussed later, we designate
the corresponding transitions as Tφ for liquid-liquid separation, or Ts for the dense more
solid-like (amorphous precipitate) phase. Optically clear solutions of soluble complexes
are stable at all values of Y for temperatures below the broken and solid lines. The quasisymmetrical region of the L-L (coacervation) phase boundary around Y* will be designated
as Region I, distinguishing it from Region II at Y > 0.45, where the inverse dependence Tφ
on Y is remarkably linear (regression coefficient 0.99) confirming a previously qualitative
trend observed in ref [29]. This boundary appears to encompass the formation of both very
dense coacervates and amorphous precipitates.
The principal significance of the phase boundaries of Figure 5.2A is the clear
recognition of two distinct processes, one purely L-L and the other encompassing also LS separations. These two processes overlap in isothermal turbidimetric titrations,
particularly at higher values of T [29] as suggested by the intersection of the dashed lines.
The result of this overlap can be unresolved coacervation and precipitation in turbidimetric
titrations. Those extrapolations are also suggested by the results of turbidimetric titrations
in which Region II was diminished, thus more completely revealing Region I. The ability
to diminish Region II independently of Region I occurs of different dependences on PE
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MW or salt concentration [29], and points to a difference in the underlying mechanisms of
the two phenomena, central to the point of the current work.
A)

B)

Figure 5. 2 (A) Phase boundary of PDADMAC (Cp = 1.5 g/L)-SDS/TX100 obtained by heating
at fixed Y; the measurement at Y = 0.68 is obtained by increasing Y at fixed T. Triangles refer to
heating: coacervation ()Tφ; formation of solid dense phase ()Ts; coacervation and
precipitation; () Ts. Squares refer to cooling: precipitation and coacervation ()Tdis; solid dense
phase () Tdis. Inset A shows the determination of Tφ, Ts, and Tdis, see text. The shape of the
“binodal region” centered around Y = 0.35 is drawn by analogy to one obtained in previous work
with Cp = 1.0 g/L, shown in inset B. (B) The relationship of turbidimetric titration at fixed T = 25
°C (lower) and the phase boundary (upper), see text.
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While the phase boundaries can be obtained as noted by varying Y at constant T,
the advantages of temperature as the independent variable include: non-invasive in situ
incremental T adjustments compatible with microscopy; thermodynamic insights; and
access to a second path leading to the same final conditions, for example Y = 0.55/T = 25
°C upper and lower plots of Figure 5.2B. Both methods lead to identical data points in
Region I (0.25 < Y < 0.40) or Region II (0.45 < Y < 0.65), i.e. the system is pathindependent. However, while the boundaries per se are independent of paths used to
construct them, the precise properties of the resultant solid-like (amorphous precipitate)
materials can vary, for example their reversibility. Remarkably, as will be discussed below,
the temperatures of formation of more or less solid-like materials can reside on the same
boundary, i.e. with simultaneous observation of fluid- and solid-like dense phases to be
discussed below.
The region 0.25 < Y < 0.45 is centered at Y* = 0.34. Figure 5.2B shows that Y* also
corresponds to the minimum in Tφ, i.e. where coacervate forms most readily, because PEbound micelles neutralize the charge of polycations leading to neutral soluble complexes.
This “mirroring” of Figures 5.1A and 5.2A shown in Figure 5.2B, demonstrates the
relationship between temperature and Y as agents of coacervation. Thus, an increase in
polymer concentration (Inset B in Figure 5.2A) reduces the number of micelles bound per
polymer chain n, thus requiring a higher charge per micelle, e.g. an increase in Y. For
example, Y* increases from 0.30 to 0.34. On the other hand, complex electroneutrality
appears to be irrelevant to phase separation in the linear Region II: even though complexes
are becoming more net-negative with increasing Y, Tφ continues to fall. This Y-dependence
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indicates a very different mechanism of phase separation: instead of near-symmetry about
Y*, we observe a linear inverse dependence of Ts on Y at Y ≥ 0.45.
To explain the relationship between Ts and Y at Y > 0.40 (Region II) we propose
that L-S phase separation, like L-L separation (coacervation) in Region I, is also driven by
the expulsion of counterions, but with a much greater loss of water, i.e. to ~10% vs. 80%
in the coacervate. The linear boundary in Region II can also encompass an additional fluid
(referred to in ref. [29] as “Region Va”) of high viscosity, easily obscured by subsequent
or even simultaneous L-S separation. Thus, while counterion expulsion is responsible for
phase separation in several regions, the state of the second phase is exquisitely sensitive to
the degree of ion expulsion, which in turn depends on the nature of counterions to be
expelled, i.e. bound or condensed. In the Manning approximation [109] for the release of
condensed counterions, the binding of a polycation segment of charge ZP, leads to the
release of Z counterions, with an entropy gain proportional to [Na+]m/[Na+]bulk, where
[Na+]m is the effective local concentration of condensed counterions. The free energy of
the transition in the vicinity of the phase boundary must be close to zero. As shown in
Figure 5.3, the enthalpy change for micelle-binding is not merely small [112] but in fact
strongly positive, and has to be overcome by the entropy of release of counterion, namely
SNa+. In view of the small spacing between PDADMAC charges (0.6 nm) relative to the
spacing between micellar SO3- (1.3 nm, ref [29]), the release of Na+ facilitates ion-pairing.
Along the linear boundary of Figure 5.2A, the transition to dense phases can be
accomplished by temperature increases of < 1 °C; therefore, it is necessary to account for
a large S, increasing strongly with Y, so that the transition can occur at lower temperatures
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at large Y. We now consider how an increase in Y can change not only the number, but
also the nature of the Na+ counterions displaced during dense phase formation.

Figure 5. 3 ITC traces for titration of PDADMAC (1.44 g/L) with SDS/TX100 (77.6 g/L)
at different Y values as a function of micelle to polymer weight ratio. Arrows represent
visually observed transitions from solution to respectively dense liquid phase, followed by
transition to amorphous precipitate for titration with highly charged micelles (Y = 0.55).

Two descriptions can be offered for the increase in the number of Na+ released upon
entry into Region II. First, and most simply, the sequence of polycation repeat units N that
binds cooperatively to the micelle occupies an area that is not particularly temperaturedependent. N in fact can be estimated based on the argument that the electrostatic energy
of binding ≈ Nψ where ψ is the electrostatic potential at the average distance between the
micelle surface and the cooperatively bound PE segments [113]. If the micelle surface area
occupied by this bound sequence is roughly constant, the number of counterions released
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must increase linearly with the surface density of SO3- groups; this in turn increases with
Y. This leads to the conclusion that SNa+ increases with Y, as proposed above.
While this preceding argument treats all Na+ counterions identically, we can
distinguish between those generally contained in the SDS-TX100/PDADMAC soluble
complexes, and those condensed on micelles, in the Manning sense [107, 109]. The micelle
surface charge density at Y > 0.5 is large enough for localization of counterions on spheres
of comparable charge density [110]. The release of such “condensed” counterions provides
a larger entropy due to the large change in Na+ concentration accompanying their release
into the bulk solvent from a dense layer near the surface of the micelle [114]. An increase
in the population of micelle-associated counterions might occur at large Y and so make an
additional contribution to Sφ. While this effect may not be easily identified from the phase
boundary, it might influence the nature of the dense phase formed at Tφ. The nature of the
dense phase can in fact be deduced from its water content and the kinetics of its
redissolution, as seen in Figure 5.4.
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Y = 0.4

A

Y = 0.55

B

Figure 5. 4 Temperature-dependent turbidity for PDADMAC (Cp = 1.5 g/L) - SDS/TX100
at (A) Region I, Y = 0.4; and (B) Region II, Y = 0.55. B: L-S phase transition, with
precipitation only upon after heating from 19.0 °C to 35 °C. Upon cooling, partial
dissolution is seen at 21.4°C, and full dissolution at 7.8 °C. Heating curves are fully
reproducible regardless of heating rate, but cooling curves are rate-dependent (see Figure
4.5B).
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In contrast to Region I, e.g. at Y < 0.45, where the L-L transition (coacervation) is
fully and rapidly reversible (Figure 5.4A), the cooling curves for Region II e.g. at Y > 0.45,
(Figure 5.4B) are strongly displaced from the time-independent heating curve, in a manner
that depends on the rate of cooling. We propose that this displacement of the rate-dependent
cooling curve from the rate-independent heating curve is related to the nature of amorphous
precipitate formed at the final Ts and Y. Thus, if coacervate alone is obtained upon heating
(Y < 0.45), the cooling and heating curves coincide as in Figure 5.4A. If on the other hand,
precipitate alone is formed, as is the case for Y = 0.55 in Figure 5.4B, the cooling curves
are typically displaced from the heating curve. The change in slope at 20 °C in the cooling
cycle depends in part on variations in cooling rate, not controlled for Figure 5.4B.
Nevertheless, this discontinuity signals two distinct dissolution processes, related to the
nature of this phase, also revealed by measurements of water content.
The relationship between heating and cooling can be understood better under
controlled cooling rates, in Figures 5.5A and B, which comprise values of Y from 0.45 to
0.55. From visual observation, both coacervate and precipitate coexist above Ts for the
intermediate Y values, 0.45 and 0.50 (Figure 5.5A), while Y= 0.40 and 0.55 show
respectively coacervate only (Figure 5.4A) and precipitate only (Figure 5.4B). For 0.45 <
Y <0.50 the cooling curves at fixed temperature ramps of -2 °C/min (Figure 5.5A) show
two steps with junctions respectively at 43 °C and 31 °C. The initial abrupt decrease in
turbidity on cooling is related to (rapid) coacervate dissolution, it is more prominent at Y =
0.45 resembling the coacervate-only case of Figure 5.4A. Similarly, it is expected that the
curve at larger Y = 0.50 -- closer to the precipitate-only behavior (Y = 0.55) --shows a more
extended (linear) region of precipitate dissolution, from 31 °C to 19 °C. The junction T/Y
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values of 43/0.45 and 31/0.50 in Figure 5.5A have special significance: in Figure 4.2A they
lie on the upper triangle-marked Ts(Y) line, defining the condition of thermodynamic
stability of a solid phase; at lower temperatures, the extended range of constant slope
corresponds to gradual dissolution of amorphous precipitate, e.g. ca. 7 min for Y = 0.50.
With further cooling below the square-marked line Tφ solutions become optically clear,
suggesting that neither coacervate or precipitate are present. While Figure 4.4A shows the
more simple cooling curve for coacervate-only, a similar simplification occurs when only
precipitate is formed, the case for large values of Y. The region of 0.45<Y<0.50 -- between
the Y-dependences of Ts (heating) and Tdiss (cooling) (the straight lines of Figure 4.2A) -is the region in which different dense phases may exist: its future exploration will be an
essential step in controlling the materials properties of coacervates.
Continuous and smooth cooling curves of Figure 5.5B obtained at Y = 0.55
correspond to a single process: precipitate dissolution. The transitions do not resemble the
abrupt change in turbidity seen in the heating curve of Figure 5.4B. We suggest that slow
kinetics of dissolution corresponds to permeation of solvent into the solid. Regardless of
the final temperature in the heating cycle, the solution after cooling is found to comprise
soluble complexes, evidence for the integrity of micelles throughout heating/cooling cycles
(vide infra).
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A

B

Figure 5. 5 (A) Cooling at 2 oC/min for PDADMAC-SDS/TX100 at Y = 0.45, heated to 40
°C; and Y = 0.50, heated to 50 °C. (B) Effect of cooling rate on solid phase (coacervatefree) dissolution after heating to 35 °C at Y = 0.55.
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Table 5.1 Y-dependence of water content of PDADMAC- SDS/TX100 solid phases formed
at room temperature determined by dry weight measurements.

Surfactant
molar ratio (Y)

% Water
content

0.55

19%

0.6

10%

0.68

8.9%

Heating solutions at 0.40 <Y< 0.60 to ≈ Ts+5 °C yields samples that will redissolve
upon cooling, but samples heated similarly at Y > 0.60 will not (Figure 5.6A), even after
20 hours at 4 °C. The correlation of reversibility with water content (Table 5.1), suggest
that heating at Y > 0.6 is accompanied by strong ion-pairing as in polyelectrolyte
multilayers [115]. As noted above an increase from Y* to Ys corresponds to a 25% reduction
in the average spacing between SO3- groups from 1.6 to 1.3 nm, closer to the distance
between PDADMAC repeat units, 0.6 nm. This higher degree of macromolecular ionpairing leads to desolvation via counterion release (less than 10% water at Y > 0.6), and a
consequent diminution in the intermicellar space, now occupied by polycation chains. In
contrast to the situation near Y* where each polycation binds multiple micelles, each
micelle must bind several polycations (see Figure 5.6B) which efficiently displace micelle
counterions (Na+), reducing osmotic swelling and solubility. This is similar to the case of
“scrambled polysalts” [116].
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A)

B)

Y* = 0.34

Y > 0.6

Figure 5. 6 (A) Irreversibility after heating at Y = 0.65, attributable to temperature-induced
collapse of the system at large Y. (B) Schematic showing decrease in inter-micellar volume
to form solids with water content below 10%. Unlike the system at Y = 0.34, in which each
polymer chain can bind many micelles, the system at Y = 0.65 allows for the binding of
multiple polymer chains to a single micelle.

The structural integrity of micelles within solids formed upon heating was
confirmed by epifluorescence microscopy. The fluorescence of Nile Red is quenched in
polar media [117] as shown by the loss of its fluorescence when surfactant concentrations
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are below the cmc [118]. The resolution of the micrograph of SDS/TX100-PDADMAC at
Y = 0.55 below Ts in Figure 5.7A is insufficient for visualizing individual micelles or
soluble complexes, but at 30°C (Figure 5.7B), fluorescing hydrophobic micelle-rich
amorphous precipitate, ca. 1 µm with irregular shapes, appear as a result of the collapse of
soluble complexes. The ability of such precipitates to reversibly return to soluble PEmicelle complexes provides additional evidence for preservation of micelles, as does
reproducibility over several heating and cooling cycles.

Figure 5. 7 Epifluorescence micrographs of PDADMAC (Cp = 1.5 g/L) - SDS\TX100 at
Y=0.55 (A) at 15 °C (B) at 30 °C. Scale 20 μm.

5.5 Conclusions
For the polyelectrolyte-micelle system (PDADMAC-SDS/TX100), two regions of
phase separation are observed, both induced by an increase in anionic surfactant mole
fraction Y or temperature T. The first, coacervation in Region I, is a liquid-liquid phase
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separation involving partial desolvation of soluble polyelectrolyte (PE)-micelle complexes.
The second region, characterized by even higher micelle surface charge densities (higher
Y), comprises more dense fluids or amorphous solids with water contents as low as 9%,
whose properties depend strongly on Y and T. While complex electroneutrality (+/- = 1)
controlled by Y and PE-surfactant stoichiometry, is prerequisite to coacervation, it appears
to be irrelevant in Region II, where the role of Y appears to be only modulation of local
electrostatic PE-micelle interactions. We observe a remarkably simple effect of Y on the
temperature of transition from single phase to dense amorphous solids or transient dense
viscous fluids. These well-defined temperatures Ts, decrease in a linear manner with
increase in Y. Calorimetric measurements confirm the large unfavorable endotherm of the
transition, which must be overcome by the entropy of release of a large number of micellebound Na+ counterions n+ that are displaced by polycations. The increase of n+ with micelle
surface charge, explains a corresponding sensitivity of Ts to Y, but the large effect of small
changes in Y on the properties of the PE-micelle dense phase near Y = 0.5 is also related to
the nature of released Na+. This in turn depends on the way in which they are micellelocalized or condensed prior to displacement. Retention of micelle structure is attested to
by preservation of fluorescence of hydrophobic probes, and reversible dissolution below
Y= 0.60.
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CHAPTER 6

THE SO-CALLED CRITICAL CONDITION FOR POLYELECTROLYTECOLLOID COMPLEX FORMATION
Fatih Comert, Amy Y. Xu, Slawomir P. Madro, Vanda Liadinskaia, and Paul L. Dubin,
The Journal of Chemical Physics 149, 163321, 2018

6.1 Abstract
Complexes formed between oppositely charged polyelectrolytes (PEs) and either
biological or abiotic colloid particles play a central role in such remarkably diverse areas
as enzyme immobilization, protein purification, growth factor delivery, personal care
products, food formulations and as precursors to coacervates and multilayers.Unlike PE
adsorption on oppositely charged planar surfaces – also driven by electrostatics – PEcolloid complexes are often equilibrium states exhibiting reversible formation at welldefined "critical" colloid surface charge density. We consider how the experimentally
observed breadth of this transition, for three polyelectrolyte-colloid systems, is broadened
– compared to theoretical expectations – due to (1) colloid (protein) charge anisotropy, (2)
colloid (micelle) polydispersity, and (3) colloid (micelle) instability.

6.2 Introduction

Polyelectrolyte-colloid interactions modulate a wide variety of systems in many
applications [119-122], however, the fundamental common features are often obscured.
Intrinsic to all these systems, which may be partially or fully constituted of biological
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partners or abiotic components, or mixtures of both, are electrostatic interactions and
consequences thereof. The behavior of these assemblies has much in common, even though
their components vary immensely in structural complexity, including intrinsic
polydispersity.
Common to these systems is the appearance of a PE-colloid bound state at some
well-defined conditions. For example, the binding of polyelectrolytes (PE) to proteins is
observed when the pH attains a value leading to a local protein charge density (or "charge
patch") opposite in sign to the PE [7, 72, 105]. When the colloid is for example a mixed
ionic/nonionic micelle, the requirement for binding is that the mole ratio of charged
surfactant ("Y") [123] exceeds a critical value which depends only on the ionic strength,
i.e. not on macromolecular concentrations or PE molecular weight [124]. For micelles
constituted of a single but titratable surfactant such as dodecyldimethylamine oxide
(DMDAO), the degree of surfactant head-group ionization β replaces Y [91]. For the case
of DMDAO micelles together with the polyanion poly(2-acrylamido-2-methyl-1propanesulfonic acid) (PAMPS), the ionic strength dependence of the critical micelle
surface charge density can be determined, and even a highly simplified model can lead to
the mean position of the bound polyanion and the corresponding electrostatic potential
[125]. Discontinuities observed for these three systems under conditions, designated as
pHc, Yc, or βc, correspond to the initial formation of intrapolymer soluble complexes, a
consequence of increased colloid surface charge density σ.
Beyond σc, other states may form including inter(multi)polymer complexes,
coacervates or precipitates. The resultant last two dense phases can facilitate e.g. protein
purification [7], enzyme immobilization [126], and drug delivery [127], although
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precipitation is often problematic due to irreversibility and interference with the
functionality of the colloidal "cargo" [89, 128]. Such macroscopic phase changes are not
within the context of the current work, in part because comparisons between theory and
experiment are so challenging with regard to both mechanism and structure.
On the other hand, abrupt transitions at pHc Yc, or βc are reminiscent of theoretical
descriptions of the appearance of a bound polyelectrolyte in the presence of oppositely
charged surfaces of sufficient charge density [22, 23, 129] and an ensuing range of
theoretical studies [130, 131]. A broad overview of theoretical approaches has been
described by Cherstvy and Winkler [132]. In general, most theories have predicted the
onset of binding upon change in any of the three variables:  (polymer linear charge
density),  (colloid surface charge density), and κ (reciprocal Debye length, inversely
proportional to ionic strength I). In general, this result could be expressed as:
σc ξ ~ κa

(6.1)

Such theoretical results are complemented by simulations that reveal the coexistence of bound and free PE states at a critical concentration of salt [133]. Carvalho and
Caetano for example, considering the effect of salt on binding energy of PEs with high
chain length to spherical [134] and cylindrical [135] macroions, found reversible and
discontinuous transitions between stretched, desorbed (high salt) states, and adsorbed (low
salt) states with conversely low configurational entropy and high binding energy. A critical
ionic strength was found to correspond to the onset of the coexistence region, while the
effect of PE chain length demonstrated the cooperative nature of the transition, yielding
behavior similar to a first-order phase transition [135].
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While the combination of shape and charge isotropy for micelles facilitates
comparison between theory and experiment, the geometric and charge anisotropy of
proteins complicates such comparison. Further complication also comes from the structural
complexity of the ionic polysaccharides which dominate much of the published literature
on protein-polyelectrolyte systems [136, 137]. Several reviews provide a broad overview
of PE-colloid systems spanning a number of theoretical approaches, including the difficult
topic of simulation and theory for PE-colloid dense phases [138-140]. Here we examine
only single-phase systems in which the central event is the formation of an equilibrium
species comprised of a single PE as the host for one or more colloidal particles, which may
reasonably be considered the precursor of higher-order complexes as well as biphasic
states. Recent stopped-flow studies provide estimates of the very rapid kinetics of
formation of such intrapolyelectrolyte-colloid complexes [26]. Complex formation may be
treated as a rapidly reversible process, as well as a precursor for higher-order composites.
Figure 6.1 A-C illustrates this behavior for the three types of PE-colloid systems
already mentioned in which the colloid is a surfactant micelle, a mixed micelle, or a protein
(with pH replaced by the more fundamental protein net charge Z). The protein-PE case is
illustrated in Figure 6.1A by β-lactoglobulin-Tragacanthin (BLG-TG), a system important
in food science [35], to demonstrate that pHc can be observed even in systems with great
structural complexity such as TG; later we expand more on a relatively well-studied system
of bovine serum albumin - hyaluronic acid (BSA-HA). We note at this point that the only
commonality for the three plots is the near-absence of any turbidity  (based on optical
transmittance T measured to ±2 ppt (±0.02 %T)), where  = log T/b and b the cell
pathlength) over a wide range of colloid charge, prior to the initial complex formation. This
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region of very low turbidity can also be identified as a region of zero slope, or a region in
which all measured properties e.g. diffusivity or scattering intensity, are simply the sum of
contributions from the two species.
With an increase in PE-colloid interaction strength, multiple phase states appear,
including coacervate (L-L phase transition) or precipitate (L-S), and less well-understood
gel-like phases [128]. These however, are not studied in the present work, because at lower
colloid charge only the transition from non-interacting solution to monophasic soluble
complex is relevant, i.e. hence more compatible with theoretical outcomes. Thus, despite
the structural irregularities of polysaccharides and the charge patchiness of proteins, there
is still a strong resemblance to predictions based on highly idealized models. However, for
a wide variety of systems with various combinations of polyelectrolytes and colloids,
turbidimetric titrations [24, 55, 141] such as those of Figure 6.1 disclose transitional
regions with different types of abruptness. A transitional point, here denoted by the
subscript "c" - or more generically Xc - has been addressed by theory, but the subsequent
regions of positive slope are not so well understood. Thus, Xc is phenomenologically
defined as the value of X below which measured properties, e.g turbidity, are independent
of X, thus signifying the absence of polyelectrolyte-colloid interaction.
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Figure 6. 1 “Type 1” turbidimetric titrations for: (A) β-lactoglobulin-Tragacanthin (ref.
[51]); (B) Sodium dodecylsulfate/TX100-PDADMAC (ref [141]); and (C)
dodecyldimethylamine oxide-PAMPS. The corresponding colloidal independent variables
are: net protein charge (Z), anionic surfactant mole fraction (Y), and surfactant degree of
protonation (β). These three variables - which all modulate the colloid surface charge
density (σ) - are controlled, respectively, by (A) pH, (B) the amount of added anionic
surfactant, and (C) the amount of added HCl. All transitions are (from left to right) for noninteracting PE-colloid solution to soluble PE-colloid complexes, and generically identified
as “Xc”, where X < Xc is a region of no polyelectrolyte-colloid interaction. It is important
to note that the size of the symbols of Figure 6.1 greatly exaggerates the uncertainty in 100%T which is in fact precise to ±0.2%.
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The formation of soluble complexes at a well-defined pHc, or Yc or βc (generically
named Xc) is typically followed by complex coacervation or precipitation. This
macroscopic phase separation occurs among complexes that achieve charge neutrality
when the number of proteins or micelles bound to an oppositely charged polyelectrolyte
are sufficient to neutralize it. Thus, while this neutralization depends on protein-PE and
micelle-PE stoichiometry, the values of pHc or Yc for a given complex depend uniquely on
ionic strength, and not temperature or PE molecular weight [29]. However, the possible
influence of PE-colloid stoichiometry on this critical point has not been studied, in part
because this requires a low level of system polydispersity.
The breadth and the abruptness of the observed transition depends on the system,
and while one boundary is defined by the appearance of soluble complexes, the other
boundary is less uniformly defined, and more system-dependent. While monodisperse
micelles in combination with a strong PE shows an abrupt transition, the breadth of the
transition is larger with polydisperse micelles, and even larger for the protein-PE system.
The lack of abruptness (i.e. the absence of a true discontinuity) at the point empirically
identified with "c" may arise because (1) the system is polydisperse, (2) complex formation
reflects a colloid:PE binding isotherm with anticooperativity, or (3) stable intermediates
precede the final low-energy complex. Little has been done to investigate the kinetics of
the critical transition, but recent stopped-flow light scattering on the SDSTX100/PDADMAC system reveals that the formation of complexes at Yc takes place in
less than 4 ms (instrument dead time) [26]. The experiments presented here can provide
little information on such fast kinetics. Our goals here are to: (1) systematically study the
robustness of the measurement of pHc (for proteins) and either Yç or βc (for mixed or pure
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micelles, respectively), (2) investigate the possible relation of these critical points to true
phase transitions, and (3) and expand the number of experimental approaches to empirical
definitions of Xc.
We studied (1) BSA-HA (bovine serum albumin/hyaluronic acid), (2) SDS-TX100/
PDADMAC

(sodium

dodecyl

sulfate-TritonX100/poly(diallyldimethylammonium

chloride)), and (3)DMDAO-PAMPS(dodecyldimethylamineoxide/[poly(2-acrylamido-2methyl-1-propanesulfonic acid)], systems in which the colloidal partner was respectively,
a protein, a mixed micelle, or a pure micelle. The PE's were all fully charged - although
HA might be considered "annealed" (titratable) at pH below the conditions used here. In
the “Type 1 turbidimetric titrations,” shown in Figure 6.1, the colloid charge was
continuously increased, either by addition of (1) NaOH, (2) anionic surfactant, or (3) HCl,
in order to determine critical values pHc, Yc or βc. Different BSA:HA weight ratios (r) were
used to examine the effect of stoichiometry. "Type 2" titrations involved the addition of
colloid to PE: monitored in the case of polyelectrolyte-mixed micelle by isothermal
titration calorimetry; and turbidimetrically for the other systems.

6.3 Experimental
6.3.1 Materials
Hyaluronic acid (HA, Mw 1.2×106 Da), produced by streptococcus and purified by
filtration through activated charcoal, was a gift of Shiseido Co. (Tokyo, Japan). BLG (18
kDa), purified by ion-exchange chromatography, was a gift from C. Schmitt (Nestle,
Lausanne). Fatty acid free bovine serum albumin (BSA, 68 kDa, purity > %99) was from
Roche

Diagnostics

(Indianapolis,

IN).

Poly(diallyldimethylammonium
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chloride)

(PDADMAC) (Mn= 458 kDa) was prepared by free radical aqueous polymerization of
diallyldimethylammonium chloride, and characterized by light scattering and osmometry
[142]. Tragacanthin was prepared from gum tragacanth (Astragalus gossypinus) as
described elsewhere [69]. Poly-2-acrylamido-2-methylpropanesulfonate (PAMPS) was
synthesized in water as described elsewhere [143]. Sodium dodecyl sulfate (SDS, purity >
%99) and dodecyldimethylamine oxide (DMDAO, purity > %97) were purchased from
Sigma. Triton-X100 (TX100, purity > %99) was purchased from Fisher.

6.3.2 Methods
6.3.2.1 Turbidimetry
TG (1 g/L) and BLG (2 g/L) solutions were prepared in 0.025 M NaCl filtered (0.22
µm Millipore), and then mixed at equal volumes to give 10 mL total volume with an initial
pH of 6.5. Titration was done by adding 0.1 N HCl. Appropriate amounts of BSA, and HA
were dissolved separately in 0.01 M NaCl, and the two solutions were mixed after filtration
(0.22 µm PES (Millipore)) to yield the desired BSA to HA weight ratios (r). 10 mL of the
BSA-HA mixture was titrated with 0.1 N HCl [35]. Various concentrations (2.5 – 10.0
mM) of DMDAO, and 0.2 g/L PAMPS were prepared in 0.1 M NaCl. Type 1 titrations
were then carried out by adding 0.1 N HCl at increments of 10 or 20 seconds. Appropriate
amounts of PDADMAC (Mn = 458 kDa), and TX100 were dissolved separately in 0.40 M
NaCl, and the two solutions were mixed after filtration (0.22 µm PES (Millipore)) to form
a solution 1.5 g/L and 20 mM in PDADMAC and TX-100, respectively. 10 mL of the
PDADMAC-TX100 mixture was titrated with 60 mM SDS in 0.40 M NaCl solution [128].
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After each 0.05 ml addition of SDS, corresponding to values of the micellar mole fraction
(Eq. 6.2),

Y

[ SDS ]
[ SDS ]  [TX 100]

(6.2)

All titrations were done by using a 2.0 mL microburette (Gilmont). The
transmittance (T) was measured at λ = 420 nm with a Brinkmann PC800 probe colorimeter
equipped with a 2-cm path length optical probe. Values of %T were recorded after 1 min.
For convenience, we used 100-%T, which is linear with the turbidity τ = - log T/b.
Titrations were done at 25 ± 1 °C.

6.3.2.2 Isothermal titration calorimetry (ITC)
In these “Type 2 titrations,” SDS/TX100 mixed micelles prepared in 0.40 M NaCl
solution with 77.6 g/L TX100 at Y = 0.22, 0.23, 0.24 and 0.30, were titrated into 1.44 g/L
PDADMAC, also in 0.40 M NaCl at 25 C in the injection cell of a VP-ITC
microcalorimeter (MicroCal Inc., Northampton, MA). Both micelle and polymer solutions
were degassed under vacuum for 7 min prior to titration. Each titration comprised twentyeight - 10 μL- injections, 300 s apart, under stirring with a magnetic flea at 307 rpm. The
heats of dilution for both the micelle and polymer solutions alone were measured and
appropriately subtracted from the raw ITC data.

6.4 Results and Discussion

Presented in Figure 6.1 are results from turbidimetric titrations for three different
polyelectrolyte-colloid systems, in which the colloidal particles are proteins (e.g. BLG),
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mixed anionic/nonionic micelles (SDS-TX100), or pure micelles (DMDAO); all with
corresponding

PEs,

(PDADMAC),

and

tragacanthin

(TG),

poly-diallyldimethylammonium

poly-2-acrylamido-2-methylpropanesulfonate

chloride

(PAMPS).

The

corresponding independent variables are net protein charge (Z), anionic surfactant mole
fraction (Y), and degree of micelle protonation (β). We focus on these three variables by
excluding from Figure 6.1 regions of high σ in which an increase in turbidity would
correspond to aggregation or phase separation, or regions of low σ in which turbidity is
close to zero and constant. Well-defined junction of these two regions are taken as the first
formation of complexes, i.e. σc in Eq (6.1), and we focus on comparison of the breadths
and shapes of these transitions. Several points emerge: (1) small changes in β (less than
0.01 absolute, i.e. less than +/- 3% relative) are comparable to the effects of a 10% change
in Y (Fig 1B), and to an even larger change in protein net charge Z. When polydispersity is
virtually eliminated e.g. DMDAO micelles, there is a clear definition of the start (the onset
of complexation) and the end (the onset of phase separation) points. However, it is harder
to define the end point when system polydispersity increases e.g. SDS-TX100 micelles,
and even harder to define both the start and the end points if the structural polydispersity
is higher e.g. TG. For this reason, the discussion of the breadth of the transitions shown in
Figure 6.2 are at best qualitative. The characteristics of these three transitional regions are
discussed below in the context of effects of BSA:HA stoichiometry ( Figures 6.2 and 6.3);
in the context of mixed micelle-PE binding studied by ITC (Figure 6.4); and for the most
monodisperse system, DMDAO-PAMPS, in Figure 6.5.
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Figure 6. 2 Type 1 titrations of BSA-HA at different weight ratios (r) in 0.01 M NaCl.
The insert shows the high turbidity data (at low pH).

Figures 6.2 and 6.3 illustrate two approaches towards the BSA-HA protein-PE
system, as "Type 1" titrations (changing pH) at different stoichiometries r = 50:1 or 25:1,
(Figure 6.2), or "Type 2 titrations" (changing stoichiometry at fixed pH) (Figure 6.3). It is
important to note that BSA-HA can represent a system in which neither colloid nor PE is
"quenched" so the magnitude of the charges can vary in opposite direction with change in
pH. The breadth of the transitional region might be defined as the difference between the
pH of initial complexation (e.g. ~ pH 4.5-5.5) and the pH at the onset of phase separation;
however, while the former may be defined in terms of a region in which the turbidity is
linear with e.g. pH, the latter often lacks clear definition, because the species formed at the
point of phase separation are often variable and poorly defined. The expanded curve at very
low turbidity shows the disappearance of binding between the two macromolecules when
the pH drops to 6.2 (pHc) at this ionic strength. At pH < pHc, the turbidity rises, implying
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the formation of BSA-HA interpolymer complexes. In the pH range of 6.2 – 4.5, the
increase in turbidity signals an increase in the size or number of complexes or soluble
aggregates. Below pH 5.0, the turbidity increases dramatically (shown in Figure 6.2 inset)
and the system may approach phase separation (coacervation). Most notably, stoichiometry
has no effect at pH > 4.6. Thus, multiple site binding (or mass action) does not exist at
pH>5; pHc is independent of stoichiometry; and indeed, the curves of Figure 6.2 (insert)
converge near pH 4.7. None of the pH-induced transitions in Figure 6.2 appear abrupt (the
interval between complex formation and phase separation is typically ca. 0.4 pH units). In
addition to protein charge anisotropy, such that BSA may present several different HAbinding sites, it is necessary to consider the pK shift: binding of HA makes the protein a
stronger base (more readily binding H+), so that the system is comprised of proteins (bound
and free) with different effective pKs, thus requiring further addition of titrant.
The "Type 1 titrations" at different stoichiometry of Figure 6.2, are replaced in
Figure 6.3 by "Type 2" titrations near or below pHc (~ 4.9) in which BSA is treated as
ligand and HA as host. Two notable features are of this "binding isotherm" are (1) the
dramatic effect of a reduction in pH from 5.0 to 4.7, the same region that shows a
substantial turbidity change in Figure 6.2. Since the change in net charge Z in this pH
region is less than 5, this cannot be a global charge effect but far more likely, an increase
in a local positive BSA domain; in particular the region around Lys 199 identified by
Grymonpre et al. as the site of HA binding to BSA [72]. The stoichiometry in Figure 6.3
changes from r = 0 to ca. 4, very low compared to those presented in Figure 6.2. The
principal curve of Figure 6.3 indicates a saturation of HA sites with BSA, i.e. related to a
binding isotherm exhibiting three clear regions: linearity at low protein concentration (<2.5
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g/L), a plateau for protein concentration >3 g/L, and an intermediate region. At r = 25:1
BSA:HA molar ratio r, a significant increase in turbidity was observed at a slightly lower
pH of 4.6. The change in turbidity observed from this system was not as abrupt as BSA:HA
case, and turbidity increased as the pH was diminished to 3.2. In the case of r = 5:1, the
formation of interpolymer complexes only appeared for pH at or below 4.3 where the slope
of the turbidity rise was much less as compared to the other two systems, suggesting that
interpolymer complexes (or complex coacervates) do not readily form. Therefore, lower
pH is needed so that more BSA will interact with HA to achieve charge neutrality.

Figure 6. 3 "Type 2 titration" of HA with BSA above and below pHc (4.9) in 0.1 M NaCl.
Initial [HA] = 0.5 g/L.
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Isothermal titration calorimetry was used to study the interaction of SDS/TX100
micelles ("ligand") with PDADMAC ("host") by a "Type 2 titration", with the results
shown in Figure 6.4. As previously found, the binding of micelle to PDADMAC is
endenthalpic [144]; the entropic nature of the interaction is also consistent with increase in
binding (and subsequent phase separation) upon increase in temperature. The magnitude
of the signal seen in Figure 6.4 increased strongly with Y, the mole fraction of SDS in the
mixed micelles, even for changes as small as 4% relative. Interestingly, ∆H was negligibly
small at Y <0.23, an important transitional point observed for a number of experiments at
0.40 M NaCl (see also Figure 6.1B). Thus, "Type 2" turbidimetric titrations, in which
SDS/TX100 micelles are added to PDADMAC (not shown here) show insignificant
changes in turbidity for Y <0.23. The principal finding of Figure 6.4 then is the remarkably
large effect of a rather incremental change in micelle surface charge density inferred from
a ca. 4% increase in Y at Y> 0.24. Capillary electrophoresis demonstrates that SDS:TX100
micelles exhibit a range of mobilities, and are thus constituted of an array of micelles with
individual SDS mole fractions "y". Nevertheless, subtle changes in the average value of Y
lead to the significant effect shown in Figure 6.4.
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Figure 6. 4 Isothermal titration calorimetry of SDS-TX100/PDADMAC in 0.4 M NaCl
for Y = 0.22-0.30.

In contrast to either proteins or mixed micelles, micelles of DMDAO show
essentially no charge or shape anisotropy, particularly in the spherical micelle region at the
pH, ionic strength, and surfactant concentration explored here. Amine oxides contain the
functional group R3N+-O- in equilibrium with protonated DMDAOH+ head groups. The
degree of protonation β is accurately and precisely determined by pH titration, a technique
that also leads to the surface potential and hence surface charge density. PAMPS is also a
structurally simple and pH-independent (quenched) polyanion. The range of pH separating
free and bound states is almost imperceptibly narrow, no larger than 0.05 pH units [145].
However, some secondary effects can expand the "transition region" even in a system
virtually lacking any form of polydispersity. These effects can arise from the rate of
protonation, phase separation, or the micelle-monomer equilibrium.
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Figure 6. 5 Type 1 titrations of DMDAO-PAMPS in 0.1 M NaCl. 0.1 M HCl was added
at increments of 10 s or 20 s and addition volume was either 2.0 or 4.0 μL per addition.
[DMDAO] = 2.5 – 10.0 mM, [PAMPS] = 0.2 g/L.

DMDAO-PAMPS Type 1 titrations are shown in Figure 6.5, from which a value of
βc = 0.077 ±0.003 can be inferred from the plot prior to precipitation. Different addition
rates of HCl only affected the phase behavior after βc. The absence of any kinetic effect on
βc in the absence of phase separation shows that critical point depends uniquely on the ionic
strength. As shown here stoichiometry has little effect, but Wang et al. showed a marked
decrease in the slope of 100-%T vs pH when surfactant concentration fell below 2 mM, i.e.
near the cmc of 1.3 mM [145]. At this point surfactant monomer can be the binding species,
and a time/concentration-dependent monomer-micelle equilibrium can alter the states of
the PAMPS-DMDAO complexes.
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6.5 Conclusions
The initial interaction between colloids and PE occurs when the energy of the bound
state is below kT. Experiments support a critical condition for binding in terms of ionic
strength or colloid surface charge, often signaled by a discontinuity in some measured
property such as electrophoretic mobility, diffusion coefficient, or fluorescence quenching.
The most convenient and hence the most common measured property is turbidity; the
ability to measure transmittance to better than 0.1%, makes it possible to observed
discontinuities with considerable precision and reproducibility.

At or below a

corresponding critical colloid surface charge density, the mass action law does not apply,
and binding cannot be induced by stoichiometry. Thus, one way to describe the critical
condition for binding is that it defines the region in which a binding isotherm may exist. A
more precise description of the critical condition identifies co-existent bound and free PE
states of equal energy. The introduction of charge anisotropy into either or both
macromolecular species leads to formulations that are more subtle, but also more broadly
relevant.
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CHAPTER 7
GENERAL CONCLUSIONS AND OUTLOOK

Liquid-liquid (L-L) phase separations have been used in several industrial
applications including, but not limited to food science, personal care, and biomaterials.
Complex coacervation is a popular and important L-L phase separation method common
to all these applications. However, precipitation (liquid-solid phase separation) always
possess a problem in applications of complex coacervation. The objective of this thesis was
to study precipitation in PE-colloid systems in order to find ways to better control this
phenomenon and understand its relationship with coacervation. To achieve this, we looked
at two model PE-colloid systems: PE-protein and PE-micelle.
PE-protein system shows both precipitation and coacervation at certain pH values.
Coacervation follows from complex charge neutrality, but the requisite stoichiometry
“+/-” of the complex does not necessitate tight binding, and the dense phase retains
counterions and hydration. On the other hand, the combination of low ionic strength at high
protein positive charge alters the nature of the complex by the expulsion of counterions
and water of hydration, leading to precipitate. This short-range interaction depends on the
hyaluronic acid (HA)-binding site, i.e. the protein positive charge patch. While the number
of proteins bound controls coacervation, the way in which they bind determines the nature
of the dense phase. When HA was replaced with the highly branched polysaccharide
tragacanthin (TG), precipitation is inhibited by the reduction of close protein-polyanion
interactions due to bulky polymer side chains. We proposed that coacervate does not
directly turn into precipitate, but both precipitate and coacervate are in equilibrium with
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free polyion and protein in the continuous phase, possibly explaining why precipitate only
appears when coacervate begins to dissolve. The proximity of the onsets of coacervation
and precipitation is thus highly system-dependent, and measurements of turbidity alone
cannot be relied on to distinguish one from the other if their respective pH regions overlap.
The PE-micelle system can exhibit phase transitions upon increase of molar ratio
of anionic surfactant (Y) at fixed temperature (T, turbidimetric titration) or heating at fixed
Y. Phase boundaries obtained for the polycation/anionic-nonionic mixed micelle,
poly(diallyldimethylammonium

chloride)-sodium

dodecyl

sulfate/Triton

X-100

(PDADMAC-SDS/TX100) system by the latter method clearly indicate two separate
regions of phase separation, one liquid-liquid (coacervation, stoichiometry is important)
and the other liquid-solid (precipitation, stoichiometry is irrelevant). Solid-like phase
separation is driven by the entropy of release of localized (micelle-charge compensating)
counterions, which is also proven by calorimetric measurements (a large unfavorable
endotherm must be overcome to yield precipitation). The concentration of such localized
counterions increases linearly with micelle surface charge density (σ). While this
mechanism of solid-like phase formation upon heating appears to be highly consistent over
a range of Y values, kinetic factors control dissolution on cooling. Solid phases formed at
0.4 < Y < 0.6 are reversible with temperature but cooling curves exhibit hysteresis
dependent on cooling rate. The irreversibility of solid phases at large Y > 0.6 appears to
correlate with water contents < 10%. This may be attributed to decreased spacing among
micellar SO4ˉ headgroups, leading to a higher level of inter-macromolecular ion-pairing.
Finally, we compared three PE-colloid systems to obtain a general understanding
of the difference between the initial complexation and the onset of phase separation seen
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in these systems. The broadening of this region is greatly influenced by system
polydispersity. If the colloidal species is monodisperse (i.e. DMDAO micelles) the
transition is abrupt, however if system polydispersity is high (i.e. SDS-TX100 micelles)
the transition is broadened. The width of this transition broadens even further when
structural polydispersity exists (i.e. protein charge anisotropy).

7.1 Future Work
7.1.1 Does coacervate turn into precipitate?

The current thesis does not definitively preclude a microscopic transition from
coacervate to precipitate, and further microscopy experiments should be carried out to see
this transition clearly. Additionally, the size of the protein charge patch dictates the final
phase transition as explained in Chapters 3 and 4. The effect of charge patch size might be
tested further by making modifications to corresponding amino acid sequence to observe
the effect of charge patch on the strength of interaction.

7.1.2 Is precipitate a gel?
Although precipitation in PE-micelle systems has been explained in the current
work, a detailed study on the structure and mechanistic properties of the precipitate is still
lacking. A frequency sweep rheology experiment on PE-micelle systems showed that
precipitate behaves like a viscoelastic fluid, even the appearance of the sample after the
experiment is similar to a gel (Figure 7.1). Rheo-SANS experiments were also suggested
that gel-like structures formed by interconnected complexes. Frequency sweep rheology
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experiments at different Y values could be performed to better understand the behavior of
precipitate.

A)

B)

Figure 7. 1 (A) Frequency sweep of PDADMAC-SDS/TX100 precipitate at Y = 0.55.
Precipitate behaves like a viscoelastic liquid. (B) Picture shows the precipitate after
frequency sweep test.
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