Effect of monovalent cations on calcium-induced assemblies of kappa carrageenan
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The effect of Na+, K+ and Ca2+ cations on the thermal stability and aggregation of kappa carrageenan double helices has been explored by differential scanning calorimetry (DSC). Previous studies by heteronuclear NMR have shown that the kappa carrageenan helices bind K+ cations, but not Na+. The kappa carrageenan used in this work was therefore in 
the Na+ salt form, to avoid complications from site-bound counterions to the polymer, and was studied at a fixed concentration of 1.0 wt % (~25 mN w.r.t. sulfate groups). Na+, K+ 
and Ca2+ cations were added as chloride salts at concentrations in the range 0 - 140 mN. Comparisons were made at equivalent values of ionic strength, to take account of non-specific screening of electrostatic repulsion between carrageenan helices (with 1 mM CaCl2 having the same ionic strength as 3 mM NaCl or KCl).

Values of peak-maximum temperature (Tmax) in DSC cooling and heating scans (0.5°C/min) increased progressively with increasing salt concentration, following the order Na+< Ca2+< K+. As found in numerous previous investigations, K+ cations gave much higher values of Tmax on heating than on cooling, which can be explained by site-bound cations reducing electrostatic repulsion between the helices and thus promoting formation of large aggregates that survive to higher temperatures than those at which individual helices form on cooling. Much less thermal hysteresis was observed for Na+ cations, but greatest hysteresis was seen with Ca2+. In a previous investigation by the research group in Cork, addition of Ca2+ cations to Na+-kappa carrageenan was found to give maximum gel strength at stoichiometric equivalence 
of Ca2+ to the sulfate groups of the carrageenan, irrespective of polymer concentration 
(0.5 - 3.0 wt %). Our proposed interpretation is that Ca2+ cations "cement" the carrageenan helices together by binding directly between them, giving greater thermal stability, and thus greater hysteresis, than K+ cations which act indirectly by suppressing charge.

On progressive addition of KCl to solutions incorporating Ca2+ at concentrations of 5 mM or 12.5 mM (stoichiometric equivalence to the sulfate groups of the carrageenan) the values of Tmax both on cooling and on heating rose asymptotically towards the higher values observed for the same concentrations of KCl alone, indicating that K+ cations progressively displace site-bound Ca2+. When the same experiment was carried out using NaCl instead of KCl, Tmax values on cooling increased slightly with salt concentration, as expected from non-specific screening of electrostatic repulsion between the polymer chains, but the corresponding values on heating decreased towards those seen with Na+ alone (with the strange effect that addition of salt lowered the order–disorder transition temperature rather than raising it). Previous studies have shown that Na+ (and other monovalent cations) can displace Ca2+ bound between (but not within) "egg-box" dimers in calcium alginate and calcium pectinate gels. Our present results suggest a parallel with Ca2+ cations bound between kappa carrageenan dimers (double helices).

