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The formation of electrostatic complexes of whey protein (WP) and a nongelling carrageenan (CG)
was investigated as a function of pH, ionic strength, temperature, and protein-to-polysaccharide
(Pr:Ps) ratio. On lowering the pH, the formation of soluble WP/CG complexes was initiated at pH.
and insoluble complexes at pH,, below which precipitation occurred. The values of the transition pH
varied as a function of the ionic strength. It was shown that at [NaCl] = 45 mM, the value of pHy was
the highest, showing that the presence of monovalent ions was favorable to the formation of complexes
by screening the residual negative charges of the CG. When CaCl, was added to the mixtures,
complexes of WP/CG were formed up to pH 8 via calcium bridging. The electrostatic nature of the
primary interaction was confirmed from the slight effect of temperature on the pH,. Increasing the
Pr:Ps ratio led to an increase of the pH, until a ratio of 30:1 (w/w), at which saturation of the CG
chain seemed to be reached. The behavior of WP/CG complexes was investigated at a low Pr:Ps
ratio, when the biopolymers were mixed directly at low pH. It resulted in an increase of the pH of the
mixture, as compared to the initial pH of the separate WP and CG solutions. The pH increase was
accompanied by a decrease in conductivity. The trapping of protons inside the complex probably
resulted from a residual negative charge on the CG. If NaCl was present in the mixture, the complex
took up the Na* ions instead of the H* ions.
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INTRODUCTION that is, the pH at which the protein is overall negatively charged

Macromolecules are the main components of formulated food (4,11, 17). This phenomenon can be explained by the presence

. - of positively charged patches at the surface of the protein.
products, and the control of structural properties of proteins and . ; :
polysaccharides is a wide topic of investigatidj (nteractions Previous work in our group included the study of WP and a
between food macromolecules can be either repulsive or weak polyelectrolyte 4, 15). The electrostatic mt_eractlons
attractive, underlining two opposite phenomena: biopolymer Petween the WPs and the carboxylated gum arabic led to the
incompatibility and complex formation2. Interbiopolymer ~ formation of a liquid coacervate in the pH window between
complexing of positively charged proteins and anionic polysac- 2-5 and 4.8 14, 15, 18, 19). It was also shown that the pH
charides can lead to the formation of soluble or insoluble Poundaries pkland pH; were mainly due to the formation of
complexes (3). Systematic studies were carried out on the @ complex between thlg and the gum arabic (the contribution
complexation behavior of proteins with synthetic polyelectro- of a-la would appear at lower pH values). The interaction of
lytes (4—12) and proteins with polysaccharid&8{16). They WPs with the phosphated exocellular polysaccharide EPS B40
revealed two pH-induced structural transitions due to increasing (EPS B40) was studied as well). Now, the interaction
attractive interaction and depending on the ionic strength of the between the WPs and another strong polyelectrolyte, CG, has
system, indicating that complexation was mainly electrostatically been investigated. The two batches used in this study had the
driven. The formation of soluble protein/polyelectrolyte com- commercial name of-CG; however, because the amount of
plexes was initiated at pton lowering the pH, which preceded  purel-CG was rather limited in one of the batches, the authors
the pH of macroscopic phase separation aj.@ften, soluble referred to the polysachharide as CG. CG is an anionic sulfated
complexes were formed at pH values above the pl of the protein; polysaccharide extracted from red algae (20). It is mainly used
as a thickener/viscosity builder. Three main types of CG are

* To whom correspondence should be addressed. ¥81318659583. used in the food industry. Th&-CG does not present pro-
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group per repeating unit. The two CG batches used in this study (Pr:Ps) was varied from 1:1 to 150:1 (w/w), and the salt (NaCl or gaCl
are nongelling; the type | is a mixture of different CG types, Was added to the mixtures from O to 1 M.

and the type Il is a puré-CG. CG is highly charged (much Characterization of the CG BatchesNMR (*H) experiments were
more than gum arabic or EPS B40). It is known that the carried out on both CG batches. It was found that the type | contained

. - . _ various types of CG in the following quantitiest-CG, 9%;«-CG,
molecular attraction of protein-bound NHgroups for—-OSG; 46%: 1-CG, 20%:4-CG, 1%; andi-CG, 24%. Moreover, the type |

groups is much stronger than f&1CO;" groups (21). CGS. ar®  goes not contain any other additives. This result surprisingly revealed
added to food products to enhance their textural properties, and,at the type | powder contained only a rather low amount-GiG

because most food products have an acid pH, CG and proteinang therefore was compared to a purer sample. IndeedHtMR
would form complexes and alter the texture and stability of food spectrum of type Il CG showed that onlyCG was present, and a

products. Various studies on proteins/CG have already beensmall amount of starch (in the range of 10%) could also be detected.
carried out, especially on the effect of segregative interactions ¢-Potential measurements were carried out on both CG mixtures with
on the gelling properties ok-CG (22—28). A beneficial a Zetasizer 2000 (Malvern, U.S.A.). The results showed that the
consequence of complexation of proteins with sulfated polysac- &-Potential of both CG samples was86 mV. In most of the
charide is the protection afforded against loss of solubility as a €XPeriments, the type | CG was used (the commercial grade sample),
result of protein aggregation during heati29(30) or following unless otherwise mentioned.

high treat 81 32). Th tecti ffect i Turbidimetric Titration under Acidification. Mixtures of WP and
igh-pressure treatment, )- e proteclive etiect IS CG were acidified by dropwise addition of HCI or by adding GDL,

probably due to the blocking of the hydrophobic sites of the \ynich provided a slow acidification. The influence of the ionic strength
protein by the polysaccharide (21). Interactions of casein with (Nacl] or [CaCL] = 0—1 M), the Pr:Ps (Pr:Ps 1:1—150:1 wiw),
CG or pectin are widely used in the control of texture and and the Cp (Cp= 0.10 or 0.25% w/w) was studied by varying one

stability of some dairy products (e.g., yogurt drinky (28, parameter at a time. The turbidity of each sample was measured as a
33—36). However, very limited work has been done on the function of the pH with a Cary 1E spectrophotometer (Varian, The
electrostatic interaction between WPs and CG, espedidli(. Netherlands) at a wavelength of 514.5 nm [similar to previous

measurements (14)]. The samples were put in a 1 cm path length
cuvette, and the turbidity was then measured as a function of time at
&5 °C. The turbidity (z) was defined as:

This work aims to investigate the complex formation of WPs
and CG as a function of pH and ionic strength. Furthermore,
an attempt was made to compare the results with those obtaine
with WP/gum arabic and WP/EPS B40. This comparison T=—In(INly)
allowed us to identify system specific or generic properties of
the complexes. In addition, the results can also be used forwherel is the light intensity that passes through a volume of solution
practical applications (e.g., in dairy products), so as to under- of 1 cm length ando is the incident light intensity.
stand how the formation of WP/CG complexes can be tuned. The pH was determined for some samples; it could be measured
Interesting results on the addition of calcium ions to induce using DLS measurements, with a 22 mW HeNe laser at a wavelength
complex formation and on the influence of temperature on the of 632.8 nm. The sample was initially filtered with a 0.4B filter
pH, allowed a clarification of the phenomenon involved in and centrifuged for 3Q s to remove all |mpu_r|t|es aqd air bubbles. The
complexing. Titration experiments revealed the behavior of the S2mple was placed in the cuvette housing, which was kept at a

) : : : temperature of 28C in a toluene bath. The goniometer was set at 45°.
comp_lexes as ion traps, which was previously poorly recognized The detected intensity was processed by a digital ALV-5000 correlator.
for this type of system.

Finally, the scattered light intensity was measured and its average was
recorded every minute. The averaged intensity was used as the scattering

EXPERIMENTAL PROCEDURES intensity value each minute. The values of ;pitere measured
graphically as the intersection point of two tangents to the curve, as
Material. Bipro is a WP isolate comprised mainly gflg anda-la described in refl4.

from Davisco Foods International (Le Sueur, U.S.A.). Residual WP Each measurement was at least done in duplicate. Control measure-
aggregates were removed by acidification (at pH 4.75) and centrifuga- ments with only WP and only CG were systematically carried out under
tion (1 h at 33000 rpm with a Beckman L8-70M ultracentrifuge, the same conditions as the mixtures of biopolymers. From all
Beckman Instruments, The Netherlands). The supernatant was thenmeasurements, a statistical uncertainty of 0.2 pH units was calculated
freeze-dried (in a Modulo 4 K freeze dryer from Edwards High Vacuum (STATISTICA, version 6; Statsoft, Inc., 2001).
International, U.K.). Finally, the resulting powder was stored &5 Titration of One Polymer by the Other. The titration was
The final powder contained (w/w) 88.1% protein (N6.38), 9.89% performed by slowly adding under stirring 0.25% WP into 0.25% CG
moisture, 0.3% fat, and 1.84% ash (0.66%"Na.075% K', 0.0086% (type ). These titrations were done at pH 3 and at pH 4 on mixtures
Mg?*, and 0.094% C&). The protein content of the treated Bipro was at [NaCl] = 0 and 45 mM. The Pr:Ps ratio was then recalculated, and
14.9% a-la, 1.5% bovine serum albumin, 74.9%lg, and 3.2% at each ratio, the turbidity, the pH, and the conductivity of the WP/CG
immunoglobulin. mixture were measured. The conductivity of the WP/CG mixture at
Two batches of CG were used. The first batch (type I) wa3G each Pr:Ps ratio was then subtracted from the initial conductivity of
3830 Carravisco DLF1 from Ferdiwo (Oudwater, The Netherlands). the CG mixture and plotted as a function of Pr:Ps ratio. Titration curves
The powder contained (w/w) 8.7% moisture, 0.64% proteins (Dumas Were reproducible within the uncertainty of 0.5 Pr:Ps ratio and 0.2 pH
method), and 13.2% ash (0.07% £0Q 0.16% C&*, 0.077% Mg, units.
3% K*, 2.2% Na, 12 mg/kg Fé&", and 0.32% Cl). The amount of Conductivity Measurement. The conductivity of the mixtures was
glucose was low (0.9%) and sacchares8.05%. The weight-averaged ~ Systematically measured with a conductivity meter LF 340 and a
molar mass of the CG type | measured by SEC MALLS was 774 kDa, Standard conductivity cell TetraCon 325 (Wissenschaftlich-Technische
and the weight average radius was 49 nm. The second batch (type Il)Werkstétten GmbH, Germany).
was GENUA-CG X-7055 (BRR) from CPKelco (Lille Skensved,
Denmark) and was not commercially available. Both CG samples were RESULTS AND DISCUSSION

cold water soluble and did not gel. Stock solutions were prepared by . .
dissolving the powder in deionized water (concentrations were set at . Beha_\llor of the System as a Fu_nctlon of pH and SalfThe .
0.10 or 0.25% wiw). Various WP and CG mixtures were obtained by [nteraction between WP and CG is expected to be electrostatic

diluting the stock solutions in deionized water at the desired pH and in nature. Indeed, because the pH influences the ionization of
ionic strength (use of NaCl or Cagil The concentration of the total ~ the protein charges, electrostatic complexes would be formed
biopolymer (Cp) was set at 0.10 or 0.25%, the ratio of WP to CG in the pH window where WP and CG are oppositely charged.
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Figure 1. HCl titration at various ionic strengths of a mixture of WP/CG, lonic strength (mM)
Cp = 0.25%, Pr.Ps ratio = 15:1, temperature = 25 °C. [NaCl] = 0 mM Figure 2. State diagram as a function of ionic strength of a mixture of
(®); [NaCl] = 15 mM (2); [NaCl] = 45 mM (m); and [NaCl] = 120 mM WPICG, Pr:Ps ratio = 15:1, Cp = 0.25%, temperature = 25 °C. Addition
(). of NaCl (a/A); addition of CaCl, (O/®); type | CG, open symbols; and

type Il CG, filled symbols. The mixture shows macroscopic phase

Furthermore, the presence of ions in the solution may screen )
’ P y separation below the curves.

the charges of the polymer and influence the formation of
complexes. Therefore, the two key parameters (i.e., pH and ionicWP/CG at a Cp= 0.25%, and Pr:Ps 15:1 for NaCl and CaGl
strength) influencing the complexation between two oppositely in the range of ionic strength-8400 mM. Two different sources
charged polymers were varied systematically. Mixtures of WP of CG were compared as follows: type | and type Il. From the
and CG were acidified, and the turbidity of the mixtures was acid titration, the value of pflwas determined (as iRigure
measured as a function of pH for various concentrations of NaCl 1) for each sample (in duplicate). The average value qof igH
(Cp = 0.25% and Pr:Ps= 15:1). Figure 1 shows that the plotted in Figure 2 for mixtures of WP/type | CG and WP/
turbidity increased abruptly in the pH range of 5&2 for all type Il CG at various ionic strengths (using NaCl or GACI
samples. The blanks of WP or CG remained at a low turbidity The values of pigvaried with the ionic strength but were similar
over the whole pH range (not shown here). The pH at which for both CG batches. When NaCl was added, the complexes
the turbidity suddenly increased was defined ag.pgtdr pH < were formed at pH values near or below the pl of the protein
pHy, the mixtures became unstable and the complexes sedi-with a slightly higher pH at [NaCl]= 45 mM, as was discussed
mented/precipitated to the bottom of the test tubes. The valueabove. On the other hand, the addition of Gagiowed that
of pH, varied with the [NaCl]. For [NaCl]< 45 mM, pH, complexes were formed at pH values higher than the pl. For
shifted toward higher pH values and the maximum turbidity [CaCkL] = 45—140 mM, complexes were formed around pH 8.
increased, showing an increase in number and/or size of theBlanks with only WP or CG remained clear and stable, showing
biopolymer complexes. A small addition of salt seemed thus to that the complexes were formed at high pH only in the presence
enhance the formation of complexes. Burgess mentioned thatof a mixture of WP/CG. This result suggested that another type
complexation could be reduced because of an unfavorableof interaction occurred in the presence of Ga@lwas supposed
extended shape of the molecules at low sai)( The result that ion bridging took place between the divalent calcium ion
could also be explained if phase separation was a result of the(Ca2") and the negatively charged WP and CG molecules. An
charge compensation of the complexes. Below their pl, the electrostatic complex at neutral pH occurs betweddG and
proteins became net positively charged and bound to the sulfatex-casein in the absence of specific catioB8)( Complexation
groups of the CG. However, the charge density of CG is so also occurs betweerCG andosi-casein (40) or -casein (41)
high that electroneutrality of the complex is not fully achieved but in the latter case only in the presence of Céhrough the
by the WP only (possibly because of a spatial packing problem). formation of calcium bridges.
Therefore, if small microions are present in the solution, they =~ Temperature. In general, a temperature change will influence
will screen the residual negative groups of CG and thus the biopolymer/biopolymer interactions by changing the Fory
effectively reduce repulsion between complexes and allow an Huggins interaction energy. If other enthalpic interactioims
effective phase separation. When the concentration of NaCl wasaddition to the Coulombic interactionsvould be involved, the
higher than 45 mM, the pHishifted to lower values, and for ~ temperature would also have an influence. Low temperatures
[NaCl] > 1 M, no phase separation occurred. The influence of favor hydrogen bond formation, and hydrophobic interactions
salt as being unfavorable to complexation is a well-known are enhanced by temperature increase. In this study, the
phenomenon and was already reported in the 1BR)sA large turbidimetric titration was carried out at various temperatures
ionic strength is known to reduce electrostatic interactions by in the range of 550 °C for three different samples. The values
screening the charges of the biopolymers. Therefore, at [NaCl] of pH are presented as a function of temperaturEigure 3.
> 1 M, the complexes were not formed. Between 45 mM and In the range studied, temperature had a small effect on the
1 M, complexes could be formed at more acidicypthlues, complex formation. A slight increase of gHould be noticed
corresponding to a pH where the WP carried more charges. Theat low temperatures. Kaibara et al. studied the effect of
interaction of ions with the complex will be described below. temperature (5) on complexation of bovine serum albumin and
The type of microion present in the solution was studied by cationic polyelectrolytes. They found that plnd pH, were
comparing the effect of NaCl and CaCbn the complex not temperature-dependent. Here, it can be concluded that the
formation of WP and CG. The valency of the microions had primary interaction between WP and CG was thus mainly
already been reported as an important parameter in biopolymerelectrostatic in nature but may include entropic contributions,
interactions 87). Acid titration was carried out on mixtures of as described in the Overbeek and Voorn theory, due to the
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tions of the protein near the p#(11, 17). Then, below pll
insoluble complexes were formed and phase separation occurred.
The pH remained constant around pH 5.5 for all ratios. This
result suggested that the formation of soluble complexes
occurred between a single polyelectrolyte chain and a given
amount of proteins. On the other hand, piHcreased up to a
Pr:Ps= 30:1, where plg then stabilized. The dependence of
pH, on the Pr:Ps ratio could be explained if phase separation
was induced by the aggregation of the soluble complexes, which
reached electroneutrality. Indeed, the charge compensation of
the WP/CG occurred at a higher pH if more protein molecules
were available per polysaccharide chain (larger Pr:Ps). For
Pr:Ps> 30:1, the pH remained stable, indicating that saturation
of the CG had probably taken place. A saturation ratio of 30:1
(w/w) corresponds to a Pr:Ps ratio of 1300:1 (mol/mol), meaning
that 1300 molecules of WP would be complexed to one CG
chain at pH 5.1.

These results are qualitatively similar to previous results on
complex formation of WP/gum arabic and WP/EPS B4@,(
16). Gum arabic carries carboxylic groups and EPS B40
phosphate groups. Tliepotential of the CG is two times larger
than thel-potential of the EPS B40 and three times larger than
the ¢-potential of the gum arabic. Indeed, we found that EPS
B40 bound less WP than CG and gum arabic less still.
Therefore, the interaction between WP and CG is much stronger
than for the other two polysaccharides, and. gpH. 5.5) is

pH

50 - et
. also higher than the ptof EPS (pH 5.3) and gum arabic (pH

! 5.2). Nevertheless, the influence of parameters such as ionic
45 Ak Two-phase region strength, Pr:Ps ratio, and pH is qualitatively similar for all of
the systems studied.

Then, WP/CG complexes were formed differently by adding
WP slowly into the CG mixture at pH 3 and pH 4 for [NaCl]
=0 mM and [NaCl]= 45 mM. The formation of the complexes
was monitored by turbidity measurement as a function of the
Pr:Ps ratioFigure 5a shows that the turbidity increased faster
at pH 3 than at pH 4 and at [NaG# 45 mM than at [NaCl
0 mM. These results were very consistent with previous findings.

release of counterions (42). Indeed, adding large amounts ofAt pH 3, the WP carried more charges and the electrostatic

salt suppressed the complexation of primary complexes. Recentinteraction was thus enhanced as compared to pH 4. From results
work by Girard et al. reported that from the binding isotherms described above, it was also demonstrated that a salt concentra-

of the pectin to thep-lg, the formation of two kinds of tion of 45 mM enhanced the formation of complexes, shifting
complexes has been evidencé8)( The first ones were soluble  the pH; to higher pH values (se€igures 1and2). However,
intrapolymeric complexes, whose formation was driven by during the experiment, the pH and the conductivity of the
enthalpy gain (binding stoichiometry of-®). The second ones ~ Mixtures were monitored in parallel and the results, plotted in
were based on the aggregation of the previous ones and werd-igure 5b, were surprising. Indeed, if WP was slowly added
mostly controlled by entropy (binding stoichiometry of-15  into a CG mixture of the same pH, the pH of the mixture
16.5). increased and the conductivity decreased. The pH increased up
Pr:Ps. The amount of WP molecules available per poly- to +0.3 pH unit for mixtures at pkl 3 and+1.4 pH units at
saccharide chain is obviously of importance in the electrostatic PHini 4 for mixtures at [NaCIF= 0 mM. When NaCl was added
complex formation. There is at each pH a specific ratio for which to the sample, the pH increase was less dramatic. This
electroneutrality of the complex is reachd®). Here, a mixture ~ experiment revealed that when complexes were formed, in the
of WP/CG at Cp= 0.1% and without any addition of NaCl case of low Pr:Ps, the complexes bound the ions available in
was studied at various Pr:Ps ratios. For each Pr:Ps ratio, acidthe mixture. If NaCl was present, then N#&ns were incor-
titration coupled to turbidity and light-scattering measurements porated in the complexes. However, if the amount of positive
allowed the determination of pHand pH. pH; was defined as  ions was too limited, the Hions were trapped within the
the pH at which soluble complexes were formed. The value of complexes, leading to a pH increase of the mixture. Furthermore,
the pH. could be found by performing light-scattering measure- if extra WPs were added (higher Pr:Ps ratio), then the complexes
ments under slow acidification (more sensitive than turbidity incorporated the WP and released the positive ions, the pH
measurements). The values ofqahd pH, are plotted in a state  slowly decreased and finally reached its initial value, and the
diagram as a function of the Pr:Ps ratio Figure 4. Above conductivity of the sample became close to the conductivity of
pHc, the polymers were negatively charged and thus did not the WP mixture (corresponding to a change in conductivity of
interact. Already at pH> pl of the WP (plS-Ilg = 5.2), there —325 uS/cm at [NaCl]= 0 mM pH 3 and—290 4S/cm at
was a strong interaction as pkt pl. The probable reason was [NaCl] = 45 mM pH 4). The ion uptake seemed to be needed
the presence of positive patches and in addition charge fluctua-to screen the excess negative charges of the CG. Similar results

40 1 1 1 1 1 1 1 ! 1 i 1 ! 1 1
0 10 20 30 4C 50 60 70 80 90 100 110 120 130 140 150

Pr:Ps ratio

Figure 4. State diagram as a function of Pr:Ps of a mixture of WP/CG,
[NaCl] = 0 mM, Cp = 0.1%, temperature = 25 °C; pH,, (a), pHc (&).
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Figure 5. (a) Turbidity of a WP/CG mixtures as a function of Pr:Ps ratio,
Cp = 0.25%, temperature = 25 °C. pH 3, [NaCl] = 0 mM (O); pH 3,
[NaCl] = 45 mM (@); pH 4, [NaCl] = 0 mM (O); pH 4, [NaCl] = 45 mM
(m). (b) pH and conductivity variation as a function of Pr:Ps ratio, Cp =
0.25%, temperature = 25 °C. pHiy 3, [NaCl] = 0 mM (O) (v); pHini 3,
[NaCl] = 45 mM (@) (¥); pHini 4, [NaCl] = 0 mM (O); pHin 4, [NaCl] =
45 mM (m). pH evolution (M, O, @, O); evolution of conductivity (v, ).

were already reported in the case of xanthan/chitosan complex

gel by lkeda et al.44); the main reason of this phenomenon

Weinbreck et al.

incorporated the protons, which resulted in a pH increase of
the mixture. Comparing the results to previous work done with
carboxylated and phosphated polysaccharide, it seems justified
to conclude that the intensity of the WP/polysaccharide inter-
action correlated with thé-potential of the polysaccharide, CG

> EPS B40> gum arabic, which paralleled the stoichiometry
of the complexes.

ABBREVIATIONS USED

o-la, a-lactalbumin;s-lg, S-lactoglobulin; Cp, total biopoly-
mer concentration; DLS, dynamic light scattering; EPS B40,
exocellular polysaccharide B40; GDL, glucono-o-lactone; CG,
carrageenan; NMR, nuclear magnetic resonance; pH at
which soluble complexes are formed; pHpH at which
insoluble complexes are formed; pHinitial pH; pl, isoelectric
point; Pr:Ps, protein-to-polysaccharide ratipturbidity; WP,
whey protein.
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