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Turbidity measurements were used to study the formation of soluble and insoluble complexes between
pea protein isolate (PPI) and gum arabic (GA) mixtures as a function of pH (6.0-1.5), salt concentration
(NaCl, 0-50 mM), and protein-polysaccharide weight mixing ratio (1:4 to 10:1 w/w). For mixtures in
the absence of salt and at a 1:1 mixing ratio, two structure-forming transitions were observed as a
function of pH. The first event occurred at a pH of 4.2, with the second at pH 3.7, indicating the
formation of soluble and insoluble complexes, respectively. Sodium chloride (e7.5 mM) was found
to have no effect on biopolymer interactions, but interfered with interactions at higher levels (>7.5
mM) due to substantial PPI aggregation. The pH at which maximum PPI-GA interactions occurred
was 3.5 and was independent of NaCl levels. As PPI-GA ratios increased, structure-forming transitions
shifted to higher pH.
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INTRODUCTION

Protein-polysaccharide interactions play significant roles in
controlling the structure, texture, and stability of food systems
(1) and coating and packaging materials (2). To control these
interactions to give desired functionality (e.g., gel/film-forming,
emulsifying, foaming), a greater understanding of the factors
affecting protein-polysaccharide interactions is required (3).
The nature of these interactions may lead to either segregative
or associative phase behavior, depending on biopolymer char-
acteristics (e.g., their charge density, type and distribution of
reactive groups, size), biopolymer concentration and ratio, and
solvent conditions (e.g., pH, temperature, ionic strength) (4-6).
In general, segregative phase behavior occurs when both proteins
and polysaccharides carry a similar charge, separating into
protein- and polysaccharide-rich phases. Associative phase
behavior (also termed complex coacervation) typically occurs
via an electrostatic attraction between proteins and/or polysac-
charides carrying an opposing charge, leading to separation into
biopolymer- (also known as “coacervate-rich”) and solvent-rich
phases (1, 5, 7). The former is composed of electrostatically
formed complexes that rearrange to form liquid coacervates with
small amounts of entrapped solvent. Because these interactions
are dominated by electrostatic forces, interactions are generally
reversible and highly dependent upon solvent pH and salt
content, although irreversibility of the formed complexes may
occur if non-Coulombic interactions are significant (8). During
complex coacervate formation, both the conformational entropy

of the biopolymers and the entropy associated with solvent
mixing are reduced, which offsets the enthalpic contributions
associated with the release of water and counterions during
complexation, leading to the stabilization of the formed coac-
ervate phase (8-10).

Most of the studies on complex coacervation have investi-
gated complexation between milk proteins (serum albumin)
(11, 12), casein (1, 5, 13), �-lactoglobulin (10, 14-16), or
whey (2, 6, 17, 18) with anionic polysaccharides. Although the
mechanisms driving complexation have not been fully eluci-
dated, it is believed that two structure-forming transitions occur
as a function of pH, associated with the formation of first soluble
and then insoluble complexes via a nucleation and growth-type
mechanism (19, 20). In a recent paper by Turgeon et al. (21),
advances associated with complex formation between proteins
and polysaccharides were reviewed. Soluble protein-polysac-
charide complexes form near the protein’s isoelectric point (pI),
as evident by a slight increase in turbidity (denoted pHc),
followed by macroscopic phase separation at pHφ1 and the
formation of insoluble protein-polysaccharide complexes
(1, 5, 22). The critical pH (pHc) signifies the initial non-covalent
attraction experimentally detected between the protein and the
polysaccharide, whereas at pHφ1 macroscopic phase separation
occurs as the net charge on each biopolymer becomes opposite
(23). Conditions for complexation are considered to be optimal
at a pH at which both biopolymers reach their electrical
equivalence (denoted pHopt), and complexation ceases at a lower
pH (pHφ2), where reactive groups along the polysaccharide
become protonated (giving both biopolymers a similar net
charge). Weinbreck et al. (6) and Mekhloufi et al. (24) using
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whey protein isolate and �-lactoglobulin observed a two-step
structure-forming event upon an acid titration with a similar
polysaccharide as in the present study. Due to the electrostatic
nature of the interactions, investigation of the effects of salt,
degree of ionization, and mixing ratio (i.e., achieving conditions
at which biopolymers are electrically equivalent) on these critical
pH values is crucial to understanding their complexation.

To our knowledge, studies focused on understanding mech-
anisms for complexation involving plant proteins with anionic
polysacchrides have been limited, especially as it relates to initial
pea protein isolate (PPI)-gum arabic (GA) interactions (i.e.,
formation of soluble complexes). The aim of this study was to
advance our understanding of mechanisms underlying associa-
tive phase behavior between PPI and GA by investigating the
effects of salt, pH, and biopolymer weight mixing ratio on the
formation of soluble and insoluble complexes. Previous work
by Ducel et al. (25) on pea globulin-gum arabic complexation
involved studying solvent and biopolymer effects under condi-
tions showing maximum protein-polysaccharide interactions,
as it relates to a potential encapsulating material, rather than
investigating their effects on the formation of soluble and
insoluble complexes.

Pea proteins are dominated by two globulin-type storage
proteins: legumin and vicilin. The former fraction is a hexameric
11S protein (350-400 kDa) containing disulfide bridges,
whereas the latter is a trimeric 7S protein with a molecular mass
of 150 kDa (25). Gum arabic is an anionic arabinogalactan
polysaccharide-protein complex, composed of three fractions.
The major faction (∼89% of the total; ∼250 kDa) consists of
a �-(1f3) galactopyranose (galactan) polysaccharide backbone
that is highly branched with �-(1f6) galactopyranose residues
terminating in arabinose and glucuronic acid and/or 4-O-methyl
glucuronic acid units. The second fraction (∼10% of the total)
is composed of an arabinogalactan-protein complex, in which
arabinogalactan chains are covalently linked to a polypeptide
backbone. The remaining fraction (∼1% of the total) consists
of a glycoprotein similar to the arabinogalactan-protein com-
plex, except that it has higher protein levels and different amino
acid sequences (26). Discussions within the present study will
refer to the electrostatic attraction between negatively charged
glucuronic acid residues of the side chains of the major galactan
polysaccharide fraction with positively charged pea proteins at
pH conditions below its isoelectric point.

MATERIALS AND METHODS

Materials. Pea flour (PF) (Fiesta Flour, lot F147X, 2008) and gum
arabic (GA) (Gum Arabic FT Pre-Hydrated, lot 11229, 2007) were
kindly donated by Parrheim Foods (Saskatoon, SK) and TIC Gums
(Belcamp, MD), respectively. The composition of the PF was 7.80%
moisture, 21.78% protein (% N × 6.25), 1.00% lipid, 65.26%
carbohydrate, and 4.16% ash [mineral content (w/w): 0.02% sodium,
0.88% potassium, 0.09% calcium, 0.12% magnesium, 0.34% phospho-
rus]. In contrast, GA was composed of 9.56% moisture, 0.86% protein
(N × 6.25), 0.11% lipid, 84.28% carbohydrate, and 5.19% ash [mineral
content (w/w): 0.50% sodium, 0.24% potassium, 1.03% calcium, 0.12%
magnesium]. Chemical analyses on all materials were performed
according to AOAC methods 925.10 (moisture), 923.03 (ash), 920.87
(crude protein), and 920.85 (lipid) (27). Carbohydrate content was
determined on the basis of percent differential from 100%.

PPI was prepared by dissolving PF into a 0.1 M phosphate buffer
(pH 8) containing 6.4% KCl at a 1:10 (w/v) ratio, followed by mixing
at 500 rpm using a magnetic stirrer (Heidolph MR 3003 control stir
plate, Heidolph Instruments GmbH & Co.) for 24 h at room temperature
(∼21-22 °C) (28). Insoluble residues were then removed by centrifu-
gation at 3840g for 20 min. The supernatant was dialyzed (Spectro/
Por tubing, 6-8 kDa cut off, Spectrum Medical Industries, Inc.) for

salt removal using Milli-Q water (Millipore Corp., Bedford, MA) at 4
°C, refreshing every 30 min until dialysis water conductivity reached
2.1 mS/cm. Desalted supernatant was freeze-dried (Labconco Corp.,
Kansas City, MO) and stored at 4 °C. The composition of the PPI was
determined to be 8.92% moisture, 82.80% protein (% N × 6.25), 1.06%
lipid, 0.75% carbohydrate, and 6.47% ash [mineral content (w/w):
0.17% sodium, 0.69% potassium, 0.08% calcium, 0.13% magnesium,
0.58% phosphorus]. PPI and GA powders were used without further
purification. Biopolymer concentrations used in this study reflect the
protein (PPI) or carbohydrate (GA) content rather than powder
weight.

Turbidimetric Analysis during an Acid Titration. Stock solutions
(0.5%, w/w; pH 8.0) of PPI and GA were prepared by dissolving each
powder in Milli-Q water under constant stirring (500 rpm) for 2 h at
room temperature (21-22 °C) and then overnight at 4 °C to help
facilitate protein solubility. Mixtures of PPI and GA were prepared by
mixing appropriate masses of stock solutions, at the desired ratio, with
Milli-Q water to achieve a total biopolymer concentration (Cp) of 0.05%
(w/w) (adjusted to pH 8.0 with 0.1 M NaOH). Turbidimetric titration
upon acidification was achieved via the addition of an internal acidifier
[0.05% (w/w) glucono-δ-lactone, GDL] to slowly lower the mixture
pH to 3.9, followed by the dropwise addition of HCl (2, 6). Diluting
effects were kept to a minimum using a gradient of HCl concentrations
based on pH (0.05 M > pH 3.3; 0.5 M > pH 2.7; 1 M > pH 2.2; 2 M
> pH 1.5). Dilution was thought to not significantly influence complex
formation on the basis of findings reported under Associative Phase
Behavior as a Function of NaCl and because critical pH values (pHc,
pHφ1, and pHopt) measured in this study corresponded to conditions at
which no or minimal HCl addition occurred. For instance, within the
pH range (4.2-3.5) corresponding to pHc, pHφ1, and pHopt, the rise in
conductivity (∼150 mS/cm) and level of dilution (<0.5%) were
considered to be insignificant. In contrast, at pH 2.5 (corresponding to
pHφ2) the changes in conductivity (1900 mS/cm) and dilution (<3%)
were much greater. The rise in conductivity measured in this study is
associated with the addition of acidulants and the release of counterions
during complexation (8-10). Changes in the optical density of the
solution were recorded over a pH range of 6.0-1.5 using a UV-vis
spectrophotometer (Mecasys Co., Daejeon, South Korea) at 600 nm
using plastic cuvettes (1 cm path length). The effects of salt (NaCl)
and biopolymer mixing ratio on turbidimetric acid titrations were
investigated systematically, testing (a) the effect of added NaCl (0-50
mM) for a 1:1 PPI-GA mixture and (b) the effect of PPI-GA mixing
ratio (1:4, 1:2, 1:1, 2:1, 4:1, 6:1, 8:1, and 10:1, on a weight-by-weight
basis) in the absence of added NaCl. Homogenous PPI and GA solutions
were used as blanks under the same solvent conditions and at
corresponding protein or polysaccharide concentrations. Structure-
forming transitions (pHc, pHφ1, and pHφ2) were determined graphically
as the intersection point of two curve tangents (2), whereas pHopt

corresponded to the maximum optical density at 600 nm (Figure 1).
All measurements were made in triplicate, using separate stock
solutions. All chemicals used in this study were of reagent grade and
purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON).

Electrophoretic Mobility. To access the overall surface charge of
the formed complexes, electrophoretic mobility (UE) for a 2:1 PPI-GA
mixed system and its corresponding homogeneous PPI and GA solutions
during an acid titration from 6.5 to 1.5 was measured using a Zetasizer
Nano with a MPT-2 autotitrator (Malvern Instruments, Westborough,
MA). Sodium hydroxide (0.25 M) and HCl (0.25 and 0.025 M) were
used as titrants to lower the pH in 0.5 pH unit increments. Samples
were prepared as described in the previous section but were diluted
10-fold to a final total biopolymer concentration of 0.005% (w/w).
Electrophoretic mobility (i.e., velocity of a particle within an electric
field) was related to the zeta potential (ς) using the Henry equation

UE )
2ε × � × f(κR)

3η
(1)

where η is the dispersion viscosity, ε is the permittivity, and f(κR) is
a function related to the ratio of particle radius (R) and the Debye length
(κ). Using the Smoluchowski approximation f(κR) equaled 1.5. All
measurements were made in duplicate.
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Statistical Analysis. A one-way analysis of variance (ANOVA) with
a Scheffe post-hoc test was used to measure statistical differences within
state diagrams for each pHc, pHφ1, pHopt, and pHφ2 as a function of salt
and biopolymer mixing ratio. All statistical analyses were performed
using Systat software (SPSS Inc., ver. 10, 2000, Chicago, IL).

RESULTS AND DISCUSSION

Associative Phase Behavior as a Function of NaCl. Control
of pH and ionic strength is critical to maximizing the strength
of protein-polysaccharide interactions during complex coac-
ervation. Solvent pH influences the number of charged reactive
groups on the biopolymers surface, whereas the ionic strength
acts to promote solubility at low concentrations, but interferes
with electrostatic attractive forces at higher levels (10). The
effects of NaCl (0-50 mM) on complexation between PPI and
GA were studied during an acid titration at a 1:1 biopolymer
mixing ratio in aqueous solution. Mixtures in the absence of
NaCl displayed two structure-forming transitions corresponding
to the formation of soluble (pHc 4.2) and insoluble (pHφ1 3.7)
complexes (Figure 2a). For pH values higher than pHφ1, all
solutions were transparent. The rise in optical density signifies
an increase in size and number of PPI-GA or PPI(aggregated)-
GA complexes being formed. The highest amount of biopolymer
interactions occurred at pH 3.5 (pHopt), followed by a disas-
sociation of complexes near pH 2.5 (pHφ2), at which both
biopolymers carried a similar overall net positive charge. Under
the same conditions, PPI alone gave only a weak scattering
intensity (optical density < 0.2), whereas GA had none (Figure
2a). Ducel et al. (25) reported a similar pHopt for a 1:1 pea
globulin-GA mixture. The observed two-step structure -forming
events have been previously reported for whey protein-
carrageenan (18), whey protein-EPS B40 (22), whey protein-
gum arabic (6), �-LG-gum arabic (24), �-LG-pectin (19), and
gelatin-agar (9) systems as a consequence of increased
electrostatic attractive interactions. The peak intensity for the
homogeneous PPI solution at pH ∼4.0 in the current study,
although minor, is thought to correspond to a rise in protein-
protein aggregation. The broad nature of the peak reflects the
polydispersity of the isolate and its various protein components.

At a NaCl level of 7.5 mM, optical density of the PPI blank
became more pronounced as charges on the protein’s surface
became screened (Figure 2b). At NaCl levels >7.5 mM, the
aggregation phenomenon dominated the scattering spectrum
preventing reliable estimates of critical pH transitions (data not

shown). Higher salt levels are also expected to interfere with
coacervate formation. Ducel et al. (25) investigated the effect
of NaCl on the coacervation of pea globulin and GA at a 1:1
mixing ratio (pH 3.5) and found that ionic strengths of <50
mM did not alter the process; however, they were unable to
determine a critical ionic strength that inhibited coacervation
due to protein precipitation. A state diagram describing changes
to critical pH values for PPI-GA mixed systems as a function
of NaCl is shown in Figure 3. PPI-GA mixtures were
considered to be cosoluble at solvent pH > pHc and <pHø2.
Within the pH range (∼4.2-2.5) at which coacervation oc-
curred, all critical pH values were found to be independent of
NaCl levels at concentrations of e7.5 mM, despite being
dominated by electrostatic forces (Figure 3a). Maximum
PPI-GA interactions at a biopolymer ratio of 1:1 occurred at
a solvent pH of 3.5 (Figure 3b). Singh et al. (9) observed similar
trends for gelatin-agar mixtures, where pHc remained inde-
pendent of NaCl levels (0-200 mM) and pHφ1 remained
constant until reaching a critical value (∼50 mM), before
shifting to a lower pH as the ionic strength increased to 200
mM. Weinbreck et al. (18) also observed a similar phenomenon
in whey-carrageenan mixtures.

Associative Phase Behavior as a Function of Biopolymer
Mixing Ratio. Biopolymer mixing ratio is critical for controlling
the charge balance between proteins and polysaccharides, the
intensity of interactions, and the degree of self-aggregation
during complexation (8). The effect of PPI-GA mixing ratio
(1:4 to 10:1) on complex coacervation was investigated during
an acid titration in the absence of added salt and at a constant
total biopolymer concentration (0.05%, w/w). Under conditions
at which PPI-GA ratios were <1, the turbidity curves shifted
to lower pH and the overall scattering intensity was reduced
relative to the 1:1 ratio at pHopt (Figure 4a). Interactions were
almost negligible at a PPI-GA ratio of 1:4; likely due to the
large concentration of GA present in the system, which is a
poor scatterer by itself. Blanks for both PPI and GA solutions
contributed little to the scattering spectrum (optical density <
0.2) for PPI-GA ratios <1:1 (data not shown). In contrast, at
PPI-GA mixing ratios >1:1, scattering curves shifted to higher
pH until reaching a mixing ratio of 4:1, after which turbidity
curves overlapped (Figure 4b). Schmitt et al. (10) reported a
similar phenomenon when acacia gum or �-lactoglobulin was
in excess.

At PPI-GA mixing ratios of <1, the critical transition pH
values (pHc and pHφ1) shifted considerably to lower pH as the
protein content decreased, suggesting that interpolymer interac-
tions were significantly reduced. Complex formation could not
be detected at a PPI-GA ratio of 1:4 possibly because of the
reduced protein levels present (Figure 4a). At mixing ratios
having greater protein content, critical values shifted to higher
pH as biopolymer mixing ratio increased, until reaching a ratio
of 4:1 at which it then became stable, showing no statistical
differences (p > 0.05) for PPI-GA mixing ratios up to 10:1
(Figure 5a).

A similar trend was evident for pHopt as a function of
biopolymer mixing ratio (Figure 5b); however, its correspond-
ing maximum optical density was observed at 2:1 PPI-GA ratio
before declining and reaching a plateau at ratios of 6:1 to 10:1
(Figure 5c). These results suggest that the greatest amount of
PPI-GA interactions occurred at a mixing ratio of 2:1. It was
assumed that at this ratio proteins became saturated with GA
chains and, at mixing ratios above 2:1, proteins were in excess
as evident by a rise in protein-protein aggregation in the
turbidity spectrum of the protein blank (data not shown). The

Figure 1. Critical pH transition points (pHc, pHφ1, pHopt, and pHφ2)
corresponding to structure-forming events within a turbidity pH-acid
titration were determined by extending tangent lines on either sides of
inflection points. Data are representative of the 1:1 PPI-GA system in
the absence of added NaCl.
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increased contribution from PPI aggregates during complex
formation at higher mixing ratios is also shown by shifts in
pHφ1 and pHopt closer to the isoelectric point of PPI, as the
mixing ratio increased from 1:1 to 4:1. This phenomenon can
be attributed to an increase in the number of proteins interacting
with the same number of GA chains, as a result of reduced
protein charge (10, 29). Electrophoretic mobility measurements
for a 2:1 PPI-GA ratio estimated a net neutral surface charge
of formed complexes (zeta potential ) 0 mV) occurred at a
solvent pH of 3.57 (Figure 6), which was equivalent to the
pHopt of the system (Figure 5b). At pH >3.57, formed
complexes carried a net negative charge (zeta potential < 0 mV)
as the charge contribution from the GA dominates over that of
PPI despite being the less prevalent biopolymer present. In
contrast, at pH <3.57 a net positive charge of complex occurs
(zeta potential > 0 mV) when the positive charge contribution

from PPI dominates, as glucuronic acid residues on the GA start
to become protonated. Neutrality of homogeneous PPI and GA
solutions occurred at solvent pH values of 5.60 and 1.88,
respectively, and corresponded to the isoelectric point of the
PPI and the protonation of the carboxyl group on the GA
molecule, respectively.

Weinbreck et al. (18, 22), for whey protein (aggregate-free)-
polysaccharide, and Girard et al. (19), for �-lactoglobulin
(aggregate-free)-pectin systems, reported a constant pHc as a
function of biopolymer mixing ratio, suggesting the formation
of soluble complexes occurred between a single polysaccharide
chain and a given amount of protein. In contrast, in the present
study pHc was found to be dependent upon a biopolymer mixing
ratio of <4:1, which skews from the current view in literature
(18-20, 22). Determination of the pHc is based on the first
detectable evidence of biopolymer interactions occurring within

Figure 2. Turbidity curve of a homogeneous and mixed (1:1 ratio) PPI-GA system as a function of pH, in the absence (a) and in the presence of 7.5
mM NaCl (b).

Figure 3. Phase diagrams of critical pH values associated with structure-forming events (a) at optimal pH conditions for biopolymer interactions (b) in
a PPI-GA mixture (1:1 ratio) as a function of pH and NaCl (n ) 3).

Figure 4. Turbidity curve of a PPI-GA mixture as a function of pH and biopolymer mixing ratio.
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the scattering spectrum (as noted by a small inflection point
within a turbidimetric vs pH curve during acidification). In the
current study, protein-protein aggregates seem to play a

significant role during complexation. In Figure 2a, optical
density for the homogeneous PPI system is ∼0.2 within the pH
region of 3.5-4.2, effectively overlapping within the region
where complexes initially form for the 1:1 mixing ratio. Findings
suggest that during complexation, gum arabic chains are
interacting with protein-protein aggregates rather than single
(or a few) molecules. Similar observations were made for
homogeneous PPI systems corresponding to higher mixing
ratios, except optical densities were >0.2 (not shown), sug-
gesting the protein-protein aggregates were larger at the time
of initial complexation (at pHc). It is presumed, as a result, that
a mixing ratio dependence of pHc emerges at low ratios. At
mixing ratios of >4:1, protein-protein aggregates are thought
to reach a critical size leading to similar turbidimetric pH profiles
(Figure 4) and constant critical values. Singh et al. (9) using
type-A and type-B gelatin with agar also reported a similar trend
whereby a strong dependence of pHc was found with gelatin-agar
mixing ratios of <2, followed by independence of pHc at mixing
ratios of >2. Of note, this was despite showing NaCl indepen-
dence for low NaCl levels (also similar to the current study).
However, Singh et al. (9) provide no explanation for the
phenomenon. Evidence of a mixing ratio dependence of pHc in
the literature is limited and warrants further investigation to help
elucidate mechanistic differences from the well-studied milk
protein-polysaccharide complexation.

In the case of pHφ1, Weinbreck and coauthors (18, 22)
observed a shift to higher pH until a critical biopolymer
mixing ratio was reached, at which it then became stable.
The movement of pHφ1 to higher pH as a function of
increasing biopolymer ratio reflects the greater amount of
protein molecules available per polysaccharide chain (22).
Schmitt et al. (10, 16) reported that the presence of
�-lactoglobulin aggregates during coacervation contributed
to the complexity of �-lactoglobulin-acacia gum interactions,
as non-Coulombic interactions became more pronounced. In
the present study, the shift in critical pH transitions as
biopolymer mixing ratio was increased from 1:1 to 4:1 is
attributed to the presence of PPI aggregates in the formed
complexes. Although not measured in the present study, the
effect of increasing the total biopolymer concentration (at a
constant biopolymer mixing ratio) on the coacervation process
is well documented (6, 8, 30). Weinbreck et al. (6) found in
whey protein-gum arabic systems that increasing the total
biopolymer concentration caused a shift in pHφ1 to higher
values, until an upper concentration limit was reached.
Afterward, coacervation is suppressed, which is thought to
be due to the thermodynamic incompatibility of the mixture
as biopolymers compete for solvent (8, 30) and/or a higher
content of released counterions in solution that function to
reduce electrostatic attractive forces between biopolymers
based on charge screening (6).

Conclusion. Findings from this study described the effect of
salts and biopolymer mixing ratio on the formation of soluble
and insoluble complexes involving pea protein isolate and gum
arabic. Critical structure-forming transitions (pHc, pHφ1, pHopt,
and pHφ2) were found to be independent of NaCl at e7.5 mM,
whereas at concentrations between 7.5 and 50 mM, protein-
protein aggregation overwhelmed protein-polysaccharide in-
teractions. Critical structure-forming transitions were found to
shift to higher pH as protein content increased to a PPI-GA
ratio of 4:1. Maximum biopolymer interactions occurred at a
ratio of 2:1.

Figure 5. Phase diagram of critical pH values associated with structure-
forming events (a), optimal pH conditions for biopolymer interactions (b),
and peak optical density (c) in PPI-GA mixtures as a function of pH and
biopolymer ratio. (The dotted line represents the 1:1 PPI-GA baseline
ratio, n ) 3.)

Figure 6. Zeta potential (mV) values for homogeneous and mixed
PPI-GA systems at a 2:1 biopolymer mixing ratio in the absence of
NaCl, as a function of pH (n ) 2).
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