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Specific Interactions versus Counterion Condensation. 1.
Nongelling lons/Polyuronate Systems
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The characteristics of the interaction between nongelling divalent cations (typicatl§) sigd polyuronates have

been explored by means of isothermal calorimetry. In particular, three polyuronates mimicking separately guluronan
(polyguluronate, polyG), mannuronan (polymannuronate, polyM), and polyalternating (polyMG), the three block-
components of natural alginate samples, have been treated with divalent ions, and the enthalpy of mixing was
determined for different values of the PV/[Polym]iep.unitratio. Despite the absence of a site-specific chemical
bonding between the two, as confirmed by circular dichroism spectroscopy, a substantial deviation of the
experimental enthalpy of mixing from the theoretical behavior, as predicted by the classical counterion condensation
(CC) theory, was observed. Such deviation has been interpreted in terms of a “generic” nonbonding affinity of
the condensed divalent counterion for the polyelectrolytes. The mathematical formalism of the CC theory was
extended to include a contribution to the (reduced) free energy and enthalpy arising from the counterion affinity,
020 and haff9, and allowed the parametrical calculation of the fraction of divalent counterions condensed as
function of the reduced thermodynamic quantj#§:°. A best fit procedure of the experimental enthalpy of mixing
allowed thega™0 andha? pair to be estimated for each of the different polyuronates considered, revealing differences
in the three samples. In qualitative terms, the results obtained seem to suggest a notable contribution of the
desolvation process (i.e., release of structured water as a consequence of the interaction between the divalent
counterion and the uronate group) to the enthalpy of affinity for polyM which is counterbalanced and overcome
by an ion pairing term (i.e., partial formation of ieion and/or ior-dipole bonds) for polyG and polyMG,
respectively.

Introduction description and implications of the interaction with the “non-
binding” ions (such as magnesium). However, it is well-known
lonic polysaccharides exhibit interesting physicochemical that long range electrostatic interactions of small ions in solution
properties which render them of the utmost interest for the food with highly charged linear polyelectrolytes affect their structure,
and the biomedical industry. Among them, the ability to form  stability, and solubility. In fact, electrostatic interactions can
stable wall-to-wall hydrogels in the presence of millimolar account for conformational changes, modification of the degree
amounts of specific divalent cations addresses polyuronates, suchyf association of counterions, and/or interchain interactiois.
as alginate and pectate, as suitable materials for applications in Among the theoretical approaches most commonly used to

Fhe field of _mlcroencapsulatlo_n of “Y'ng organisiisAlginate describe the counterion distribution around polyelectrolytes, i.e.,
IS & collective term f(_)r a f_am||y of linear copolymers OH; nonlinear PoissonBoltzmann equation, Monte Carlo simula-
linked ﬁ;jD'.manr;)Llij'C acid (M) ande-L-guIlﬁ]ronlﬁ (©) ?Cr']dh tions, and the counterion condensation (CC) theory, the latter
arranglle n a bloc V\?lse eattglrn s?ng tde C"a”;)IW'L ” " can be regarded as a simple and handy tool to describe the
mopolymeric regions of M ( M blocks ) an .G ("G bloc S“) physicochemical behavior of a wide variety of polyelectrotyte
residues interspersed with regions of alternating structure (‘MG ' oo pairdL12Moreover, it proved to be flexible enough

blocks”™). The ionotropic gelation of alginate has been described, o I
. . . ; to be modified to encompass more sophisticated aspects such
based on X-ray fiber diffraction data from dehydrated specimens, as chain flexibility3 and the description of systems of mixed
using the so-called “egg-box” modet.According to the latter, - T P y )
counterions with different valendé Recently, a mathematical

junction zones are formed between 2/1 helical chains of G rmalism has been developed, within the framework of the CC
sequences that present cavities suitable to accommodate specifilﬁ ped, withi )
theory, to account for specific affinity of counterions toward

divalent cations. Recently, it has been reported that calcium . e o
y P polyelectrolytes. It predicted a shifting of the equilibrium

binding properties cannot be exclusively allocated to G blocks, distributionbet f d d q teri th
as alternating sequences do share similar behavior upon treat- Istribution between frée and condensed counterions, thus

ment with calcium ions. paralleling the counterion selectivity detected in several experi-
Despite the remarkable amount of work performed and the mental results:>1°

knowledge achieved on the interaction between alginates and The present work is aimed at assessing the nonbonding

gel forming (or “binding”) divalent counterions (in particular ~ affinity (“binding affinity” in the terminology introduced by

calcium and barium), little attention has been addressed to theRecord and co-worket§ of divalent counterions for polyur-

onates by comparing theoretical predictions and experimental

* Corresponding author. Tel:-39 040 558 2403. Fax:-39 040 558 results. The interactions considered here are comparatively

3691. E-mail: donati@bbcm.units.it. “weak”, inasmuch as they do not involve the formation of rigid
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complex structures, which might even require the simultaneous constant, 2s; scan rate, 20 nm/min. Four spectra, corrected for the
pairing of conformationally ordered stretches of different chains background, were averaged for each sample. The spectrum of each
(e.g., “covalent” bonding at a specific sité)The theoretical sample was recorded prior and after the addition of Mg(El@t
model has been constructed by exploiting a mathematical different [M**}/[Polym]iep.unit (R) molar ratio. In the case of mannu-
approach sketched in the theory section that takes into accountonan, aiso Ca(Clg, was used.
the presence of mixed counterions of different valence, namely ~ Calorimetry. Calorimetric experiments were performed, for man-
z andz;, and of a contribution to the total Gibbs energy arising "uronan, polyalternating, and polyMESG, using a LKB 107@0batch
form a nonbonding affinity of thej-valent counterion. Both  YPe microcalorimeter. The variation of the measured propeéyt’)
theoretically and experimentally, we focused on the effect of W3S determined upon mixing a polymer solution with a solution
nonjunction formingz-valent counterions on polyuronates. In containing the q|valent cation to aSpeC'f'C.wV[PP lyMrep.uni () ratio.
. I L All of the experiments were performed with a final polymer concentra-
particular, the availability of polymers mimicking G, MG, and tion equal 3 .
w . . qual to 3.5x 103 monomol/L and in the presence of 0.05 M
M blocks, namely “*PolyMEG” (or polyG), polyalf[ernatlng, (or_ NaClOy. The results have been corrected taking into account the
ponMG), and mannuronan (c_>r polyM), respectively, makes_ it enthalpy of dilution of both the polymers and the salts.
possible to separately highlight the features of nonbonding
interactions of divalent cations with the three different compo-
nents of natural alginate samples. The suitability of magnesium Theory
ions for the three polyuronates selected, and calcium ions for
mannuronan, as nonjunctions forming counterions has been
assessed by means of circular dichroism.
This group has already dealt with the problem of introducing
a specific affinity term into the frame of the CC thed&rf:1°
Initially, the interest was focused only onto the Gibbs free energy
term, g2ff, to account for the preferred selectivity for calcium
with respect to sodium of poly (methacrylic acid) and dextran
sulfate!® The separation of2 into its enthalpic and entropic E=— (1)
components was investigated for potassium wittarrageenan By
in DMSO!6 and for cesium with the same polymer in wafer. . . . .
However, this was achieved by analyzing the dependence of Wherels = (€%/(eksT)) is the Bjerrum lengthe is the electronic
the transition melting temperature on the (logarithm of the) ionic Chargee is the dielectric constant of the bulk solveky,is the
strength using only one type of counterion, rather than studying Boltzmann constant, andlis the absolute temperature.
the thermal evolution on mixing a “reference” polyelectrolyte ~ One of the basic features of the CC theory concerns the
salt with increasing amounts of the second “specific” salt. The €Xistence of a critical value of the charge density of the

isothermal calorimetry approach will be considered here becauseP0!yelectrolyte £ei, above which a fraction of counterions of
it offers some advantages, as it was already repeatedly main-valencez is condensed onto the polyelectrolyte chain. It follows

tained by this group%29Among others, one should recall high ~ that & fraction (z) of the fixed charge on the polyiomirc
sensitivity, comparatively little use of sample, and demonstrated @5SUmed to be unitary) will be effectively shielded. Thus, for
insensitivity to gel formation, which dramatically affects, e.g., the “effective” charge on each ionized site on the polyelectrolyte,
optical techniques. Calorimetric data, if correctly interpreted 1N the presence of only one type of counterions, it holds
within the framework of a proper theory, may be able to _ 1-12) )
simultaneously provide information both on the free energy and Gt = Astruc i
on the enthalpy changes involved in counterion/ polyion
interactions.

In the present work, the comparison between the theoretical
and experimental enthalpy of mixing with divalent counterions
allowed both the intrinsic free energy and enthalpy of affinity
toward the divalent counterions to be estimated, revealing r=r+r=r(x+x) and x=1-x (3)
differences of behavior among the polyuronates considered. In
our strategy, the assessment of the nonbonding affinity contribu-wherer; andr; stand for the fractions of condensed counterions
tion in the condensation of divalent cations on polyuronates of valencez and z, respectively.
represents the starting point from which the more challenging |n this case, it holds
further description of the ion-induced chain pairing process (i.e.
junction formation) can be tackled. Oett = Ostruckl — 1z — 173) (4)

As usual within the framework of the counterion condensation
theory?! the polyuronates are modeled as an infinite line with
charges separated by a distarizg that corresponds to the
average charge distance as projected onto the polymer axis. The
characteristic parameter of the CC theory is the linear charge
density& given by (eq 1)

However, when mixed counterion polyelectrolyte solutions are
considered, both species of counterions are found in the
condensation volum¥.Therefore, the total condensed fraction

r can be written as

In the polyelectrolyte solution in the presence of mixed
counterions of different valence, the (molar) fraction of con-

The preparation and main compositional features of mannuronan, dénsed counterions;,, and the fraction of either type of

Materials and Methods

polyalternating, and polyME6 have been described elsevit@atcium counterion,ri;, are obtained from the condition of stability of
perchlorate, magnesium perchlorate, and sodium perchlorate were fromthe system at |nf|r!|te dilution (l_-e-. avoiding divergence at
Aldrich Chemical Co. (Milwaukee, WI). polymer concentration approaching to zero; eq 5)

Circular Dichroism Spectroscopy.Circular dichroic spectra of the
sodium forms of the polymers mannuronan, polyalternating, polyME®G, r= 1 rj_ — 1 (5)
and polygalacturonic acid were recorded in 0.05 M NaQl@lymer (z% +z(1—x)) &(zx +7(1—x))
concentration of 3.5 1073 monomol/L, pH~ 7) with a JASCO J-700
spectropolarimeter. A quartz cell of 1-cm optical path length was used, For a detailed description of the limiting condition treatment
and the following setup was used throughout: bandwidth, 1 nm; time and the above-reported equation see ref 14. CDV
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Following the so-called “chemical model” as first developed
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lasting, geometrically well-defined “bonding”; thus, theéype

by G. S. Manning, the total (reduced) molar excess free energycondensed counterions are in an exchange equilibrium with the

of purely polyelectrolytic natureg©n, is factored into a purely
electrostatic ternge, and a reduced molar free energy of mixing
of mobile speciegg™*. In generalg* is a particular (“x”) Gibbs

“free” noncondensed counterions of the same type in solution,
i.e., outsidevp, under the boundary condition that their fraction
(rj = rx;) is constant for constant physicochemical conditions.

free energy normalized per mole of polymer fixed charge and Any (tolerated) reduction of their diffusion coefficient as a

reduced byRT, whereR is the universal gas constant

mix

g¢"=g"+g (6)
In general, the final form ofe' will be
0" = &0 IN(L — ) (7)

which, in the case of a solution with mixed counterions of
valencesz andz, reads

o=~ (3~ Xz~ 2) I — &™)

whereK is the reciprocal of the Debye length.

The entropy of mixing contribution of the different mobile
ionic species (counterions of valenzeand z that are either
free to move in the bulk solution or condensed onto the
polyelectrolyte chain, similions and solvent molecules) to the
change in Gibbs energg™>, is given by

8)

gmix = gicond + gjcond+ gifree + gjfree + Osimil + Gsolv (9)

The different entropic contributions can be writted“as

oM =rx, In(L
(1+R)V,C,
cond _ r(1—x)
i)
free __ _ (1+R—rx)
g =@A+R-—rx)In 1+ R VpCp))

free __ _ _ (R] —r(1—x))
g== R~ rL—x)) In(—Fﬁ VS
_ 1
Osimi = (R + ZR) ln(—(l — VpCp))

gsolv =T

where R and R stand for the molar ratios between the
concentrations of théh (e.g., uni-univalent) angh (e.g., bi-
univalent) salt, respectively, and that of the polyn@y;, V, is

consequence of affinity for the polymer structure would anyway
keep them free to move within the condensation volume without
reaching permanent immobilization on a well-defined site on
the polymer.

The combination of eq 5 with the conditions of free energy
minimization for the system with two different counterions of
mixed valence, i.e.jg°Var = 0 andag°Vox, = 0, leads to a
system of three equations in three unknowns;(andVy) which
can be parametrically determined at equilibrium as a function
of the intrinsic (reduced) free energy of affinityaf0,

The analytical expression gP" allows determining the total
reduced enthalpy of purely electrostatic orig", expressed
(per mole of polyelectrolyte charged group) as

od"m
a(Lm

Considering that the terg™* corresponds to the contribution
of the different mobile species to the entropy of miximén
reduces to

hion(Rj) — hel(Rj) + haﬁ(Rj) — heI(R]-) 4 rj(Rj)haff,O (11)

hion —

with
i) D D dinD
= = 25 WZ(H din T)
_ Kb
[2 In(L—e ™) + o 1] (12)

andha®0 as the intrinsic (reduced) enthalpy of affinity (per mole
of condensed counterion). In the absence of any contrary
evidence and for sake of simplicitya™? will be supposed to

be a constant, independentRf i.e. of the state of occupation

of neighboring “sites”. Although the theoretical treatment has
been accomplished usingandj-type of counterions, with no
loss of generality, we will focus, in the results and discussion
section, on the casg = 1 andz = 2.

Results and Discussion

The mathematical description of the affinity-driven interaction
between the polyelectrolyte and the counterions has been
accomplished extending the original polyelectrolyte model; this

the molar volume of the condensed phase, expressed in litersapproach has already been exploited and demonstrated its

per mole of fixed charge.

usefulness and reliability in different casés?As an example,

In the addition to the above-reported equations, a contribution the thermodynamic parameters for the conformational transition

to the reduced free energy accounting for the affinjﬁ?, of
the uronic acids towargtype condensed cations (with respect
to i-type) has to be taken into account, eq 10

g"(R) =r(R)(L — x(R)g™"

whereg?®0 is the intrinsic reduced free energy of affinity (per
mole of condensed counterion) of thealent counterion toward

(10)

have been successfully calculated in the case of the specific
Cs'-induced ordering and chain-pairing efcarrageenaf.

Along this line, the present paper is aimed at assessing the
occurrence and implications of affinity-driven interaction be-
tween polyuronates and nonbonding divalent cations. To this
purpose, three polyuronate samples, namely mannuronan, poly-
alternating and polyMEG6, have been considered in view of their
resemblance with the three different sequences found in natural

the polyelectrolyte, assumed to be independent of the state ofalginate samples. In fact, mannuronan, obtained from an

occupation of neighboring “sites”. It should be underlined that
eq 10 implies that the affinity isot associated with any long

epimerase-negative mutant éfseudomonas fluorescenis
composed exclusively of M residues and thus strictly min&(ﬁv
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Figure 1. Experimental enthalpy of mixing of mannuronan with (O)
Mg?*, (%) Ca?*, and (O) Na* In the latter case, a sodium concentra-
tion equaling the ionic strength of the solution at each R;was used.
(- — -) Theoretical enthalpy of mixing for Na* treated mannuronan
calculated according to ref 20. (—) Theoretical enthalpy of mixing for
Ca?* treated mannuronan calculated by using g@"% and h2f0 = 0. In
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Figure 2. Dependence on R; of the specific change in ellipticity,
measured at 210 nm, of (l) mannuronan, (a) polyMES (i.e., guluro-
nan, polyG), (4) polyalternating, and (3) pectate treated with mag-
nesium ions and of (O) mannuronan treated with calcium ions. For
comparison, the specific change in ellipticity (®) for calcium treated

pectate (site-specific “covalent” bonding) is reported.

both cases, the polymer concentration was 3.5 x 10~3 monomol/L
and the monovalent supporting salt was 0.05 M. merical values of the ordinate of Figure 2 are so similar as to
preclude any reasonable attempt at differentiating among the
the M blocks. On the other hand, polyalternating and polyMESG, various cases. The whole of these chiro-optical results unam-
achieved by an enzymatic strategy, closely resemble the MG biguously points to theabsenceof a site-specific chemical
and G blocks, respectively (see ref 5 for details). Since the scopebonding of magnesium with all alginate-related polymers and
of this work is to study affinity, buhonbonding interactions, with pectate (and of calcium with mannuronan). The observed
magnesium ions have been selected as divalent counterions fodeviations of the enthalpy of mixing from the theoretical
all the polyuronates considered, while calcium ions were behavior (see Figure 1) must then stem from a contribution
considered exclusively in the case of mannuronan, for which arising from a “generic” nonbonding affinity of the condensed
C&" ions are knowmotto give rise to strong interactions nor  divalent counterions for the investigated uronate polyelectrolytes.
to gel formation. Sodium ions have been used as nonspecific The model presented in the theory section allows for the
monovalent counterions, whose interactions with the polymer straightforward calculation of the contribution of each species
are assumed to be (and will be shown so) only electrostatic. to the total fraction of condensed counterionsafidr; for the
Figure 1 reports the enthalpy variation (data points) measuredmono- and the divalent counterions, respectively) and of the
upon mixing mannuronan with Mg, C&t, and Na ions and  thermodynamic functions of interest (i.@/®" and h°"). The
shows a nonsurprising different behavior of the polyelectrelyte ~ calculation of the latter appears very appealing since a direct
ion system depending on the valence of the counterion. comparison with experimental resultA™*) is possible.
However, it is interesting to compare the results with the  However, it should be recognized that in the model developed

theoretical enthalpy change upon mixing mannuronan with

monovalent (ref 20, dotted line) and divalent counterions (full " = hr, h*™), b =1,
line), the latter calculated neglecting all kind of affinity
interactions. Although there is a very good agreement betweenand
the theoretical prediction and the experimental data in the former I (gaff’())
[H] B

case, i.e., with monovalent ions, a substantial discrepancy arises
when comparing the system containing divalent counterions. It |t follows that the value 062" strongly affects the fraction of
was resorted to CD spectroscopy to verify if such extra enthalpy j-yalent (divalent in our case) condensed counterions (Figure
contribution could stem from a strong, site-specific, bonding 3) and, hence, the numerical value of bdth and hn. In

of the divalent counterion by the polyuronates. Only negligibly particular, negative values g#f® will favor the relative binding
small changes in specific ellipticity of the polyuronate solutions of divalent counterions over the monovalent ones, producing
were noticed (Figure 2) upon addition of calcium to mannuro- yajues ofr; larger than those predicted on the basis of the
nan, at variance with the large CD variations that had been theoretical model without any affinity. As a final consequence,
reported for the strong interactions of calcium with alginates the entropic term to the Gibbs free energy of affinity can be
and pectaté=>2?(For comparison purposes, the ellipticity curve  computed
for Ca2" with pectate was experimentally reproduced in this

work and the results are reported in Figure 2 as well). Similar &0 — gaff,o — 10— A0 — AffOR

nonspecific effects were observed for mixing magnesium with

mannuronan, polyMEG, and polyalternating. In addition, Figure To find the best set of2™® and haff0 to fit the experimental

2 unveils the modest variation of specific ellipticity upon adding data of the enthalpy of mixing, the calculation gf was
magnesium to pectate; the CD data then confirm the well-known performed trying withga™C values from 0 to-8 (corresponding
similarity of behavior of pectate with alginate-related polyur- to a range ofGaf0 (= g2fORT) between 0 and- 4.7 kcal(mol
onates, namely their polyguluronate comporféat.The nu- divalent ion)1). The best fit between the experimental and &BV



1. Nongelling lons/Polyuronate Systems

Biomacromolecules, Vol. 7, No. 1, 2006 285

Table 1. Structural Parameters of Polyuronates and Thermodynamic Parameters of Their Affinity for Magnesium lons?

bstrb AGaff,gd AHaff.0 d ASaff.Q d
sample A X gaft.0 ¢ haff.0 ¢ saff0 ¢ (kcal mol—1) (kcal mol—1) (kcal mol—1)
polyMEG6 (guluronan) 4.44 1.61 —6 0.07 6.07 —3.55 41.4 3.59
polyalternating 4.80 1.49 -2 —0.04 1.96 —1.18 —23.7 1.16
mannuronan 5.17 1.38 —0.5 1.24 1.74 —0.30 734 1.03

2 For mannuronan, also with calcium. Conditions: aqueous NaClO4 0.05 M, 25 °C. ? Calculated on the basis of the composition of each polymer by

using the values 4.35 A and 5.17 A for guluronate and mannuronate residues,
calculated per mole of condensed counterion from the minimization procedure.

respectively.?® ¢ Intrinsic reduced thermodynamic parameters of affinity
R0 = paft0 — gaff0 d |ntrinsic total thermodynamic parameters of affinity

calculated per mole of condensed counterion from the minimization procedure. AG(H)a"0 = g(h)a®"ORT; AS¥10 = s¥fOR. The error associated with the
calculation of the intrinsic free energy of affinity term was estimated to be approximately 15%. The error associated the intrinsic entropy of affinity was

found to range from 15% (polyalternating) to 8% (mannuronan)

0.35 — T

030 |- i
025 |- i
020 |- - i

= 015} . i

Figure 3. Dependence on R; of the fraction of j-valent counterions
condensed on the polyelectrolyte, r;, calculated for polyMEG6 (i.e.,
guluronan, polyG) by using g equal to (<) —1, (- - -) —4, and (—)
—6, respectively.

theoretical values of enthalpy of mixing was performed for each
r;—g2"C pair and provided the value bf0 under the assump-
tions

AN(R) = h"(R) — hgl,
and
AHG(R) = AN(R)RT

The minimization procedure was obtained by means the-Find
Minerr subroutine of the Mathcad 5.0 software program
(Mathsoft Inc., Cambridge, MA)

Figure 4 reports the best fit results obtained for polyMEG6 by
using differenig?0 values. It can be clearly seen that, by setting
a value for the intrinsic (reduced) free energy of affiniggC)
equal to—1, the prediction of the theoretical model deviates

0.12 ’ ; . ; . ; . ; . :
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Figure 4. Best fit between the (O) experimental enthalpy of mixing
of polyME6 and Mg2" and theoretical curves calculated by using gaf©
equal to (=) —1, (- — -) —4, and (—) —6, respectively.

do exist in the intrinsic free energy and enthalpy of affinity
toward thej-valent counterions among the investigated polyu-
ronates. However, it does not seem likely that such differences
result from the corresponding small variationdijrthe average
charge distance projected on the polymer axes, and thus in the
charge density parametér(see Table 1).

Although proper care should be taken as to the absolute value
of these intrinsic thermodynamic quantities, some conclusions
can tentatively be drawn. In particular, it is interesting to note
that the absolute value of the intrinsic (negative) free energy of
affinity (g2 decreases along the series PolyMEG6 (G blocks)
> polyalternating (MG blocks)> mannuronan (M blocks),
likely reflecting the partial lack of ion selectivity by the latter.

In fact, a very similarAH™—R, dependence is recorded for
mannuronan regardless of the divalent counterion used, i.e.,
Mg?+ or C&" (see Figure 1). At variance, polyuronates which
are known to display a dramatically different behavior with
different divalent cations (PolyMEG6 and polyalternating form
stable hydrogels with G4 as a consequence of a site-specific

substantially from the experimentally measured enthalpy varia- covalent-like bonding) are characterized by a relevant value of

tions. Conversely, by increasingi® toward more negative
values, i.e.g@™0 = —6 (~—3.5 kcal (mol divalent ion)?), the

the intrinsic free energy affinity (see Table 1). Along this line,
it seems feasible to predict that pectate, a gel-forming polymer

agreement between the experimental and the theoretical data istructurally resembling polyG sample< 4.43A ands = 1.61),

remarkably higher pointing at the important role of theR

should share with the latter similar figures concerning the

dependence. The same analysis was repeated for the otheaffinity toward divalent cations. This point will be the subject
polyuronates under consideration, i.e., polyalternating and of future work.

mannuronan, determining, from the best fitting procedure, a

unique (and different) value @f™C and, consequently, ¢@ff.0

An opposite tendency, with respect ¢8™°, is detected for
hat.0 which decreases along the series mannurengolyMEG

which led to the best agreement between the theoretical > polyalternating becoming surprisingly negative in the latter
predictions and the experimental data. From the results reportedcase.

in Table 1 it can be concluded that, albeit always within a model

of “generic” nonbonding affinity, still significant differences

The graphical representation of this trend is given in Figure
5, panel I. It reports the dependence AHG S AHe, andCDV

theor
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Figure 5. Dependence on R; of (panel I) (—) AH{‘(',ZD,, (---) AR, and (— —) AR and (panel 1) fraction of j-valent (divalent) ions condensed
on the polyelectrolyte, r;, calculated for (a) mannuronan, (b) polyMEG, and (c) polyalternating using the values of intrinsic free energy and
enthalpy of affinity reported in Table 1. Experimental values () of enthalpy of mixing, AHMX, of the polyuronates with Mg2* ions are also
reported.

AHa (which is directly proportional t4®% on R, calculated water from the hydration shells of both the counterion and the

from the values of the intrinsic thermodynamic quantities of uronic moiety),g?esevand (ii) ion pairing,g®, respectively (see

Table 1. It can be noted that for both mannuronan and polyMEG6 eq 13)

the electrostatic component as well as the affinity one are always )

endothermic. At variance, a negative contribution from the g?0 = glesolv 4 g (13a)

intrinsic enthalpy of affinity is needed to correlate theoretical

predictions and experimental results for polyalternating. In

addition, Figure 5, panel Il, reports the—R, dependence

obtained for the three polyuronates. It is immediately apparent

that the fitted dependence of on R closely parallels the 4.4

AH™*—R; relation, pointing to the importance of the fraction

of divalent cations condensed on the polyelectrolyte in the a0 — gdesolv 4 dp (13c)

determination of the overall thermodynamic properties of the

solutions. The former process is expected to be accompanied by a rather
To attempt a qualitative explanation of the present result, it large and positive enthalpic value'{s®™) because of the rupture

might be revealing considering that the thermodynamic quantity of several ion-dipole (water) bonds, which would be paralleled,

020 can be reasonably supposed to be made up by twoat the same time, by a large and positive valuesfoV of

contributions arising from (i) desolvation (release of structured “cratic” origin, i.e., due to the acquired translational freed&rBV

Similarly

haﬁ,o — hdesolv+ hip (13b)



1. Nongelling lons/Polyuronate Systems Biomacromolecules, Vol. 7, No. 1, 2006 287
Table 2. Schematic Representation of the Sign and Magnitude of
the Contributions of Desolvation, hdesov, and of lon Pairing, AP, to
the (Reduced) Intrinsic Enthalpy of Affinity, h2f0

of the affinity interaction, then bearing accumulation of divalent
ions around the polymer to a different extent (i.e., different
AGa"0 values). However, such known differences appear just

sample fdesolv hip a0 as a “fine-tuning” of the more general process of counterion
polyME6 +4+ -- + condensation. The result is not trivial at all. Rather, it contributes
polyalternating +++ .- - with an important step forward to the challenging task of the
mannuronan +++ - ++ thermodynamic description of the interactions of gel-promoting

counterions (namely calcium) with polyuronates (in particular,
pectate and the alginates). Additional terms will necessarily be
introduced into the theory to account for the much stronger
interactions shown by those systems as macroscopically mani-
fested by the very phenomenon of gelation, albeit preserving
the present “background” of nonbonding specific interactions.
Work is in progress along this line; both the development of a
mathematical description of the association process and a
detailed comparison with experimental results for gelling
polyuronates will be addressed in forthcoming papers.

of the released water molecules. On the other gitlgi.e., the
enthalpic contribution stemming from the counterion “confine-
ment”, is expected to be negative due to the partial formation
of ion—ion bonds (between the divalent ion and the uronate
groups) and/or iorrdipole bonds (between the divalent ion and
the lone pairs of oxygen atoms on the polymer). Correspond-
ingly, sP is expected to be negative, although definitely smaller
thans®esoVin absolute value, because of the partial immobiliza-
tion of the ionic partners in the, albeit flickering, confinement.
According to the values reported in Table 1, the enthalpy of  Acknowledgment. The authors thank Prof. Gudmund Skjak-
desolvation would largely dominate when mannuronan is Braek of the Institute of Biotechnology, University of Trondheim
considered, while the ion-pairing enthalpic contribution seems (NTNU), for providing the mannuronan, polyalternating, and
to (slightly) dominate in the case of polyalternating. A balance polyME6 samples.

of these two terms appears to happen in the case of polyMEB6.
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