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Significance

 Calcium ion (Ca2+ ) interactions 
with macromolecules regulate 
many biological functions. This 
study quantifies the strength of 
Ca2+  binding to three heparin 
family molecules and shows the 
binding is an entropy-dominated 
reaction through release of water 
molecules to increase disorder. 
Water rearrangement may also 
explain polysaccharide-specific 
rates of calcite (CaCO3 ) nucleation. 
Combining our data with 
published Ca2+  binding 
measurements indicates changes 
in water structuring also occur for 
many other biomacromolecules. 
However, polysaccharides and 
proteins present distinct 
enthalpy–entropy compensation 
relationships during interactions 
with Ca2+ , suggesting a 
thermodynamic basis for how 
macromolecules can regulate 
cation activity in the low free 
energy reactions of biological 
systems. Viewing 
biomacromolecule–Ca2+  binding 
through the lens of solvation 
provides mechanistic insight for 
biomaterial innovations.
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Heparan sulfates are found in all animal tissues and have essential roles in living systems. 
This family of biomacromolecules modulates binding to calcium ions (Ca2+) in low free 
energy reactions that influence biochemical processes from cell signaling and anticoagu-
lant efficacy to biomineralization. Despite their ubiquity, the thermodynamic basis for 
how heparans and similarly functionalized biomolecules regulate Ca2+ interactions is 
not yet established. Using heparosan (Control) and heparins with different positions of 
sulfate groups, we quantify how SO3

− and COO− content and SO3
− position modulate 

Ca2+ binding by isothermal titration calorimetry. The free energy of all heparin-Ca2+ 
interactions (ΔGrxn) is dominated by entropic contributions due to favorable water 
release from polar, hydrophilic groups. Heparin with both sulfate esters (O-SO3

−) and 
sulfamides (N-SO3

−) has the strongest binding to Ca2+ compared to heparosan and to 
heparin with only O-SO3

− groups (~3X). By linking Ca2+ binding thermodynamics to 
measurements of the interfacial energy for calcite (CaCO3) crystallization onto poly-
saccharides, we show molecule-specific differences in nucleation rate can be explained 
by differences in water structuring during Ca2+ interactions. A large entropic term 
(-TΔSrxn) upon Ca2+–polysaccharide binding correlates with high interfacial energy 
to CaCO3 nucleation. Combining our measurements with literature values indicates 
many Ca2+–polysaccharide interactions have a shared thermodynamic signature. The 
resulting enthalpy–entropy compensation relationship suggests these interactions are 
generally dominated by water restructuring involving few conformational changes, dis-
tinct from Ca2+–protein binding. Our findings quantify the thermodynamic origins of 
heparin-specific interactions with Ca2+ and demonstrate the contributions of solvation 
and functional group position during biomacromolecule-mediated ion regulation.

entropy | biomaterial | biomineralization | calcite | calorimetry

 In living systems, calcium ion (Ca2+ ) interactions with proteins, polysaccharides, and/or 
nucleic acids are low free energy (ΔG﻿rxn ) reactions that serve crucial functions such as 
regulating enzymatic activity, cell signaling, and providing structural integrity to tissues 
  ( 1     – 4 )  . Studies of Ca2+﻿-binding proteins show that biomacromolecule affinity for Ca2+  
must lie within a biologically functional window of ΔG﻿rxn  that is large enough to present 
some stability but small enough to allow for reactivity without kinetic trapping   ( 5 ,  6 )  . 
Among the polysaccharides, the glycosaminoglycan (GAG) macromolecules have critical 
roles in the extracellular matrix and cellular communication that involve interactions with 
Ca2+   ( 7   – 9 )  , though the free energies of these interactions are not well established.

 Biomolecules of the heparan sulfate group are important members of the GAG family 
and are near-ubiquitous in the cells of all major branches of animals ( Fig. 1 )   ( 10 )  . From 
cnidarians and arthropods to echinoderms and mammals, the primary structural features 
of these molecules, including the main disaccharide unit (a hexuronic acid and hexosamine 
that contain sulfate esters), have been conserved throughout evolution   ( 11 )  . However, dif­
ferences in the number [as indicated by degree of substitution (DS)] and position of sulfate 
groups within the disaccharide may reflect specialized or species-specific functions. Heparan 
sulfate molecules begin as heparosan ( Fig. 2A  ), with a consistent repeat unit of glucuronic 
acid (GlcA) and acetyl glucosamine (GlcNAc) and thus contain carboxylates as their only 
acidic moiety. Heparosan can be subsequently “decorated” with sulfate (SO3﻿

− ) groups at one 
or more O﻿-positions ( Fig. 2B  ) and/or at the C2N-position ( Fig. 2C  ) to yield heparin. Some 
degree of epimerization at C5 of the hexuronic acid monosaccharides [from GlcA to iduronic 
acid (IdoA)] and loss of molecular weight also occur. Heparin that is both N﻿- and O﻿-sulfated 
( Fig. 2C  ) has particular importance to mammalian systems and biomedicine due to its D
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anticoagulant activity arising from binding with antithrombin III 
(e.g., heparin is commonly used during surgeries or prescribed as a 
blood thinner)   ( 12 )  . Additionally, heparin influences coagulation 
pathways by binding to annexin proteins, which are essential for 
modulating blood clotting, inflammation, and other physiological 
processes   ( 13 ,  14 )  . Heparin–annexin interactions occur directly 
through a Ca2+  ion [e.g., annexin II   ( 13 )  ] or via a Ca2+﻿-induced 
conformational change [e.g., annexin V   ( 15 )  ]. Many GAGs contain 
similar specific protein-binding sequences, and additional types of 
GAG–protein interactions continue to be uncovered   ( 9 ,  16 )  , many 
of which are Ca2+  dependent   ( 3 ,  17 )  . However, studies of these 
interactions focus primarily on protein activity, rather than Ca2+ –
GAG interactions. In all of these processes, the DS and position of 
the sulfate groups modulate chemical activity.                

 Ca2+ –biomacromolecule interactions are also significant during 
the biological crystallization of sparingly soluble calcium salts. 
Minerals such as calcium carbonates and calcium phosphates nucle­
ate and grow within an organic matrix of macromolecules, many 
of which are sulfated and/ or carboxylated   ( 18   – 20 )  , and subse­
quently these minerals aggregate or transform into higher-order 
structures (e.g., skeletons and shells). Numerous qualitative studies 
of biomineral systems show that macromolecule composition and 
structure influence crystal morphology and/or polymorph   ( 8 ,  18 , 
 20 ,  21 )  ; however, the mechanistic and energetic controls of macro­
molecules on crystal nucleation are not yet established. A particular 
shortcoming is the need to understand the interfacial macromole­
cule–solution environment where crystal nucleation begins and how 
Ca2+ –macromolecule interactions influence crystallization pathways 
  ( 22   – 24 )  . These types of interactions may also inform physiological 
or pathological calcification processes involving calcium phosphates 
and calcium oxalates   ( 25   – 27 )  .

 For biomedicine and biomineralization systems alike, more 
studies have investigated Ca2+  binding to proteins than to poly­
saccharides. For many proteins, Ca2+  is expected to bind in a 
conformation-specific manner, whereby the protein must fold to 
interact with Ca2+    ( 28         – 33 )  . Upon folding, hydrophobic surfaces 
become “buried” and release waters of solvation into the bulk; 
thus, the interactions are entropically driven   ( 5 ,  32 ,  34 )  . This 
entropic release of water is implicated in many systems   ( 35 )   

including protein crystallization   ( 36   – 38 )  , enzyme regulation   ( 39 )  , 
micellization   ( 40 )  , biomolecular recognition   ( 41 )  , metal complex 
formation (including with bio- and synthetic polymers)   ( 42           – 48 )  , 
and colloid activity   ( 49 )  .

Fig. 1.   Heparan sulfates (green) are found in all tissue-organized living organisms across diverse phyla and classes [after Medeiros et al. (10)].

A

B

C

Fig. 2.   Chemical structures of polysaccharides used in this study. (A) 
Heparosan, the precursor to heparin, has a disaccharide repeat unit composed 
of glucuronic acid (GlcA) and glucosamine (GlcN). Heparosan contains only 
a carboxyl group (at the C6 position of GlcN, purple), allowing it to serve as 
a nonsulfated control. ~90% of GlcA is epimerized to iduronic acid (IdoA) in 
heparin. (B) The O-sulfated heparin only contains SO3

− at O-positions (red): 
IdoA C2O, GlcN C3O, and GlcN C6O. (C) N- and O-sulfated heparin contains 
SO3

− groups at all possible O- positions and at the C2N of the GlcN (blue).D
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 Water release and restructuring may also be critical to Ca2+ –
polysaccharide interactions, though much less is known about this 
subject. Spectroscopic studies predict Ca2+ –GAG binding is cou­
pled with changes to water structure around the polymer, primar­
ily around sulfate groups   ( 50     – 53 )  . Additional investigations focus 
on heparin (due to its biomedical significance), leading to some 
consensus that the C2N-SO3﻿

−  and COO−  substituents of a heparin 
disaccharide ( Fig. 2C  ) are the most significant to cation binding 
  ( 54   – 56 )  . However, speculations and disagreements about mech­
anism(s) persist   ( 57 ,  58 )  .

 Recent studies of Ca2+ –heparin interactions primarily utilize 
spectroscopic   ( 59         – 64 )   and computational/theoretical methods 
that provide additional insight   ( 14 ,  59     – 62 ,  65   – 67 )  . Through these 
approaches, researchers conclude the C2N-SO3﻿

−  and COO−  sub­
stituents of the disaccharide are significant, and present a 
Ca2+﻿-specific binding site that is stabilized by C6O-SO3﻿

−    ( 59     – 62 )  . 
They also identify other types of Ca2+  interactions that may or 
may not be site specific, thus indicating Ca2+ –heparin interactions 
could be both localized and delocalized   ( 62 ,  64     – 67 )  . However, 
most studies are hindered by the need for better theoretical models 
of Ca2+  behavior and associated solvation waters, which can dra­
matically influence interpretations. For example, computational 
models that treat Ca2+  as a sphere of localized charge predict strong 
selectivity for COO−  groups on heparin   ( 67 )  . In contrast, when 
the charge on Ca2+  is distributed into “dummy centers” to roughly 
account for ion coordination features, an equal affinity for COO−  
and SO3﻿

−  groups is observed   ( 67 )  . Factors such as initial heparin 
conformation and degree of polymerization also influence the 
results   ( 60 ,  65   – 67 )  . Overall, the structure–property relationships 
for even this most-studied GAG are not well known, and the roles 
of associated waters are not well resolved.

 Additional evidence for the influence of local water on Ca2+ –
sulfate and Ca2+ –carboxylate interactions is found in kinetic 
studies of CaCO3  nucleation onto a series of polysaccharides 
  ( 68 ,  69 )  . Rate measurements show the energy barrier to CaCO3  
crystallization increases with sulfate anion density by a general 
relationship that includes sulfated and carboxylated macromol­
ecules. The charged groups are postulated to increase polysac­
charide hydrophilicity, making crystallization onto the substrate 
less favorable as water becomes more difficult to displace, thereby 
increasing the interfacial energy of the polysaccharide–water 
interface (γPS-water ). The findings are consistent with molecular 
dynamics simulations, showing that Ca2+  interactions with pol­
yatomic anions   ( 35 ,  70     – 73 )   and sulfated chitosan derivatives 
  ( 69 )   are solvent separated, where the average distance increases 
with the degree of sulfation for the latter. Hence, the energy 
barrier to CaCO3  nucleation onto sulfated chitosan derivatives 
is inversely correlated with S-Ca2+  separation   ( 69 )  . Taken 

together, these studies suggest an underlying systematics whereby 
the density, type, and position of functional groups influence 
the solvation of the polysaccharide and Ca2+  to modulate ion–
macromolecule interactions. In addition to providing a physical 
basis for how macromolecules regulate the energetics of CaCO3  
onto an organic matrix during biomineralization, a general rela­
tionship would provide a framework for understanding how Ca2+  
and similar weakly binding ions interact with macromolecules 
in diverse contexts, including in biomedical applications.

 In this study, we quantify the thermodynamics of Ca2+  binding 
to three heparin-family polysaccharides ( Fig. 2 A –C  ) using iso­
thermal titration calorimetry (ITC). By determining the thermo­
dynamic profiles of Ca2+ –heparin interactions (ΔH﻿rxn , ΔS﻿rxn , 
ΔG﻿rxn , K﻿binding  = K﻿b , reaction stoichiometry) for each material, we 
show that the binding is composition specific and dependent on 
sulfate content and position as mediated by water restructuring. 
These quantitative insights support a recent theoretical model 
proposing the energy barrier to heterogeneous nucleation of cal­
cite (CaCO3 ) is heparin-specific due to a systematic and entrop­
ically driven consequence of water structuring about Ca2+  and 
their respective functional groups   ( 69 )  . The findings also serve as 
a model for the thermodynamics of ion binding to other polysac­
charides that involve significant water release and restructuring. 

1.  Results and Discussion

 The three heparin-group materials (hereafter referred to as 
 “heparin”) were characterized by elemental analysis and 1 H NMR 
(SI Appendix, Fig. S1 ) to quantify the degree of sulfate substitu­
tion per disaccharide repeat unit [DS(SO3﻿

− )] and the relative 
distribution of sulfate positions. Size exclusion chromatography 
(SI Appendix, Fig. S2 ) was used to quantify polymer molecular 
weight. ( Table 1 ). Heparosan ( Fig. 2A  , DS(SO3﻿

− ) = 0) served as 
a sulfate-free control   ( 74 )  , and two sulfated heparins were used: 
﻿O﻿-sulfated heparin ( Fig. 2B  , DS(SO3﻿

− ) = 1.56) that was chemi­
cally modified to remove SO3﻿

−  from the C2N position to present 
amine groups (C2-NH2 )   ( 75 )   and N﻿- and O﻿-sulfated heparin 
( Fig. 2C  ; DS(SO3﻿

− ) = 2.40) that was unmodified and contained 
sulfate groups at all naturally possible positions. The N﻿- and O﻿-
sulfated heparin thus presented the highest sulfate density among 
the investigated materials, and the pK﻿a  was determined via titra­
tion (SI Appendix, Fig. S3 ). 

 ITC was used to measure the thermodynamics of the Ca2+ –
heparin interactions. Small aliquots of Ca2+  were titrated into each 
polymer solution while measuring the power required to maintain 
the sample cell at the same temperature as the reference cell (e.g., 
﻿SI Appendix, Fig. S4 ). The resulting titration curves most closely 
followed the “independent model” for multiple identical binding 

Table 1.   Compositions of hexuronic acid and hexosamine monosaccharides of heparin materials in this study
Hexuronic 

acid* Hexosamine*

Heparin Material
Mw

† 
(kDa) DP‡

DS(SO3
−) 

total*
Total 

charge* DS(C2-SO3
−) DS(C2N-Ac) DS(C2N-H2) DS(C2N-SO3

−) DS(C6O-SO3
−) DS(C3O-SO3

−)

 Heparosan  84.0  222  0  −0.99  —  0.94  0.06  —  —  —

 O-sulfated 
heparin

 12.4  27  1.56  −2.48  0.62  0.18  0.82  0  0.82  0.12

﻿N- and O-sulfated 
heparin

 18.2  36  2.40  −3.38  0.64  0.16  0.12  0.72  0.84  0.24

*Degree of substitution (DS) and total charge values are given per disaccharide repeat unitat pH 8. Sulfate and carboxyl groups have a charge of −1, and each amine has a charge of  
~ +0.10, assuming amine pKa ≈ 7 (76).
†MW = weight average molecular weight.
‡DP = degree of polymerization as the number of disaccharide repeat units; The DP values for the sulfated derivatives assume a sodium counterion.
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sites   ( 77 ,  78 )  , enabling us to extract the binding stoichiometry (n, 
reported as Ca2+ :disaccharide), reaction enthalpy (ΔH﻿rxn ), and 
binding constant (K﻿b ) by fitting the peak integration data (heat) 
versus mole ratio at injection (SI Appendix, Fig. S4 ) for the sim­
plified reaction:

﻿﻿
nCa2+ + heparin

Kb

⇌ Ca-heparin.

  

  The free energy of the reaction (ΔG﻿rxn ) and reaction entropy 
(ΔS﻿rxn ) were determined for each type of molecule by the relation:

﻿﻿
ΔGrxn = − RT ln

(

Kb

)

= ΔHrxn − TΔSrxn,
  

  where R is the universal gas constant, and T  is the experimental 
temperature (298 K). The control experiments (Ca2+  into buffer 
and buffer into heparin material) ensured that any heat exchange 
not due to a Ca2+ –heparin interaction was subtracted before curve 
fitting. Experimental details, including all ITC thermograms, are 
provided in SI Appendix, SI Text , section 1.3, Table S1, and Fig. S5  
  ( 60 ,  72 ,  73 )  . Additionally, for the N﻿- and O﻿-sulfated heparin, the 
effect of ionic strength and pH solution conditions was also inves­
tigated. Results are included in figures and discussed in SI Appendix, 
﻿SI Text , section 1.3.1 . 

1.1.  Interactions Are Entropically Driven. For all material 
compositions and solution conditions, the ΔGrxn of the Ca2+–
heparin interactions is negative and relatively small in magnitude, 
consistent with the low free energy associated with many 
biological systems (5, 6, 79). All interactions are endothermic, 
indicating coulombic/ electrostatic activity (i.e., charge attraction 
between Ca2+ and COO−/SO3

−) alone does not well-describe 
the binding mechanism (80). The ΔGrxn for each material is 
dominated by entropic contributions (Fig. 3 and Table 2, and 
SI Appendix, Fig. S2). We therefore conclude that the large ΔSrxn 
term indicates a mechanism dominated by the favorable release 

of water molecules whereby the solvation waters (around the 
polymer and/or Ca2+) are transferred to the bulk solution upon 
binding. This result is consistent with the idea that Ca2+ binding to 
macromolecules is a consequence of changes in solvation through 
restructuring (45, 47, 80).

 The similarity of the entropically driven Ca2+  interactions with 
heparosan (nonsulfated control) and the O﻿-sulfated heparin ( Fig. 3 , 
compare purple and red) is surprising given that the SO3﻿

−  groups 
of the O﻿-sulfated heparin increase the charge density of this poly­
saccharide ~2.5X, relative to heparosan. The thermodynamic 
parameters are approximately equal within experimental error (e.g. 
 Table 2 ) which implies carboxyl groups alone are as effective at 
binding Ca2+  as carboxyl and O﻿-sulfate groups combined. It is pos­
sible the larger molecular weight inherent to heparosan contributes 
to Ca2+  binding   ( 81 )  . However, little difference between the 
Ca2+﻿-binding activity of an unmodified heparin and an O﻿-desulfated 
heparin (both expected to have low molecular weights) is reported 
  ( 55 )  . Therefore, we suggest the lack of N﻿-sulfates drives the simi­
larity in Ca2+  binding for heparosan and O﻿-sulfated heparin mate­
rials. These results are also consistent with the premise that charge 
is not the primary driver of Ca2+ –heparin interactions.

 In contrast to the other materials, the heparin that is both 
﻿N﻿- and O﻿-sulfated has the strongest Ca2+  interaction ( Fig. 3 , 
blue) as predicted by charge per disaccharide. However, small 
and endothermic contributions of ΔH﻿rxn  again indicate that 
charged groups do not act through coulombic interactions alone 
during Ca2+  interactions but rather as drivers of changes to water 
structure. The N﻿- and O﻿-sulfated heparin shows the largest ΔS﻿rxn  
contribution to ΔG﻿rxn , suggesting that the sulfate group at the 
﻿N﻿-position imposes additional changes to water structuring. 
However, we do not expect a major difference in solvation struc­
ture at the N﻿- position compared to O﻿-SO3﻿

−    ( 69 )  , suggesting 
that the physical origin could arise from a conformational change 
that impacts hydration, rather than a change in solvation about 
the NSO3﻿

−  group alone.

[1]

[2]

Fig. 3.   Thermodynamic parameters for Ca2+ binding to each type of heparin material (25 °C). Experiments at pH 8 were performed in a 50 mM tris(hydroxymethyl)
aminomethane (tris) buffer. High ionic strength (IS) solutions were adjusted to IS = 0.6 M with NaCl, pH 5 experiments were performed in 100 mM sodium acetate 
buffer (e.g., SI Appendix, Table S1). Error bars represent one SD (σ) of duplicate measurements.

Table 2.   Thermodynamic parameters determined for each material at 25 °C (Eq. 2) and illustrated in Fig. 3

Material
ΔHrxn ±1 σ  
(kJ mol−1)

−TΔSrxn ±1 σ 
(kJ mol−1)

ΔGrxn ±1 σ  
(kJ mol−1) Kb ±1 σ

n ±1 σ  
(Ca2+ per disaccharide)

 Heparosan, pH 8  2.9 ±0.2  −14.0 ±0.1  −11.1 ±0.2  87 ±8  0.35 * 

﻿O-sulfated heparin, pH 8  3.5 ±0.3  −14.4 ±0.4  −10.9 ±0.6  82 ±21  0.37 ±0.01

﻿N- and O-sulfated heparin, pH 8  4.0 ±0.2  −17.7 ±0.1  −13.7 ±0.3  252 ±26  1.05 ±0.07

﻿N- and O-sulfated heparin, pH 8, high IS  1.2 ±0.4  −11.1 ±1.3  −9.8 ±1.7  67 ±27  0.9 ±0.2

﻿N- and O-sulfated heparin, pH 5  2.0 ±0.3  −14.7 ±0.4  −11.7 ±0.7  116 ±30  1.19 ±0.04
*Manually set to avoid overparameterization during fitting (78).D
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 Clues to the larger ΔS﻿rxn  contribution determined for the N﻿- 
and O﻿-sulfated heparin may be found in previous studies that 
monitored shifts in 1 H NMR peaks and proposed the NSO3﻿

-  
group permits favorable conformation of IdoA residues for Ca2+  
interactions   ( 55 ,  82 ,  83 )  . This suggests N﻿- and O﻿-sulfated heparin 
may assume a more favorable conformation for Ca2+  interactions 
than O﻿-sulfated heparin. The conformation of the IdoA mono­
saccharide allowed by the presence of C2N-SO3﻿

−  may create the 
proposed binding site between NSO3﻿

−  and COO−  groups, dra­
matically increasing the Ca2+  binding ability for N﻿- and O﻿-sulfated 
heparin. While these NMR measurements cannot resolve the 
details of structural changes associated with the released waters 
(i.e., from where the water is released), they demonstrate the types 
and positions of functional groups that modify water structure 
around the polymer during Ca2+  interactions.  

1.2.  Heat Capacity and Entropy of Hydration. As a further test 
of our interpretation that Ca2+–heparin interactions are driven 
by the release of water molecules, we determined the change in 
heat capacity (ΔCp) for each macromolecule upon Ca2+ binding. 
The heat capacity of solvation water is dependent upon its degree 
of structuring, and therefore, the ΔCp upon binding provides a 
quantitative probe for the degree of water structuring. The utility 
of ΔCp for assessing differences in water structure is found in 
studies of protein folding thermodynamics and the associated 
hydrophobic effects [e.g., Spolar et al. (32)]. By measuring ΔHrxn 
using ITC for a series of temperatures (e.g., SI Appendix, Table S2), 
we determine ΔCp from the relation:

ΔCp =
�ΔH

�T
.

The value of ΔCp can be interpreted as a measure of the 
magnitude of water rearrangement upon Ca2+ binding or as a 
change in water-accessible surface area (32, 34). Generally, a 
positive value represents dehydration of hydrophilic groups 
(Cp, bulk water > Cp, solvation waters about metal ions & polar groups), while a negative 
value represents dehydration of hydrophobic groups (Cp, bulk water < 
Cp, solvation waters about hydrophobic/nonpolar groups) (34, 45, 84–86). Estimates 
of ΔCp thus allow us to discern the location from which the 
majority of solvation waters are released during Ca2+ interactions.

 For all material compositions, we determined positive values 
of ΔCp   ( Fig. 4A  ), consistent with the idea that these entropically 
dominated Ca2+  interactions primarily involve the release of sol­
vation waters from polar groups and ions (e.g., COO− , SO3﻿

− , and/ 
or Ca2+ ) to the bulk solution, rather than a change in exposed 
hydrophobic surfaces. Because of the high energy barrier to Ca2+  
desolvation   ( 87 )  , we assume most of the water restructuring and 
release occurs about the COO−  and SO3﻿

−  groups, although Ca2+  
desolvation may also contribute.        

 Using an approach from the protein binding literature  
  ( 32 ,  88   – 90 )  , measurements of ΔCp   also provide an opportunity 
to estimate the relative contributions of changes in solvation and 
conformation to the total entropy change during Ca2+ –heparin 
interactions. The method is generalized for polar/nonpolar solva­
tion and is not specific to amino acids   ( 32 ,  91 )  , and has been 
successfully applied to mono- and oligosaccharides   ( 91 )  . Here, we 
apply it to the heparin-family materials to estimate the relative 
contributions of these terms. Consider ΔS﻿rxn  as a composite of 
thermal (ΔS﻿rotational-translational ), solvation (ΔS﻿hydration ), and confor­
mation (ΔS﻿conformation ) contributions to the Ca2+ –heparin interac­
tion, such that

﻿﻿
ΔSrxn = ΔSrotational−translation +ΔShydration +ΔSconformation.

  

  The value of ΔS﻿rotational-translational  is estimated to be constant in 
each system (−33.4 J M−1  K−1 )   ( 91 )  , and

﻿﻿
ΔShydration = ΔCpln

(

T

176 K

)

,
  

  where T  is the experimental temperature, and 176 K is the tem­
perature at which polar solvation entropy extrapolates to zero 
  ( 88   – 90 )  . Contributions from the ΔS﻿conformation  term are obtained 
from (Eq.  4  ) by difference.

 The summary in SI Appendix, Table S3  shows that ΔS﻿hydration  is 
the predominant contributor to ΔS﻿rxn  (>50%) for all materials at 

[3]

[4]

[5]

A

B

C

Fig. 4.   Comparison of binding parameters for each material. (A) Change 
in heat capacity (ΔCp) of each material upon heparin interaction with Ca2+  
(Eqs. 1 and 3) (B) binding constants (Kb, 25 °C); (C) reaction stoichiometry  
(Eq. 1, 25 °C). Error bars represent the SD (σ) of duplicate measurements.
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all solution conditions. This trend supports all studied heparin fam­
ily molecules interacting with Ca2+  by a similar, water-restructuring 
mechanism. Estimates of ΔS﻿hydration  for the sulfated heparins are  
>20 J M−1  K−1  higher than values obtained for the nonsulfated 
control (heparosan). The difference demonstrates the role of sulfate 
groups, regardless of position, in modulating desolvation during the 
interaction.

 The estimates also show that contributions from the ΔS﻿conformation  
term are material specific. Calcium interactions with heparosan 
are associated with a favorable ΔS﻿conformation  that comprises ~17% 
of ΔS﻿rxn . In contrast, low values were found for the sulfated hep­
arins, with ΔS﻿conformation  contributing only ~4 and 7% to Ca2+  
interactions with O﻿-sulfated heparin and N﻿- and O﻿-sulfated hep­
arin, respectively. Consistent with predictions about iduronic acid 
conformation   ( 55 ,  82 ,  83 )  , the ΔS﻿conformation  is unfavorable for 
﻿O﻿-sulfated heparin and favorable for N﻿- and O﻿-sulfated heparin, 
supporting our hypothesis that N-  and O﻿-sulfated heparin adopts 
a more favorable conformation. The much smaller ΔS﻿conformation  
contribution for molecules with sulfate groups concurs with earlier 
studies that indicate conformation change is not significant to 
Ca2+ –heparin binding   ( 92   – 94 )  , The higher ΔS﻿conformation  for hep­
arosan may be explained by the low charge density of the molecule 
allowing the heparosan chain to reconfigure from its starting equi­
librium conformation to enable more Ca2+ –carboxyl group inter­
actions. The difference between contributions of ΔS﻿conformation  to 
Ca2+  binding with each material also raises mechanistic questions 
regarding the influence of carboxyl versus sulfate groups on pol­
ymer conformation before and after binding interactions.  

1.3.  Binding Constants and Stoichiometry. Using the 
thermodynamic profiles determined in this study, we quantify 
the binding constants (Kb, Fig. 4B) and reaction stoichiometry 
(n = Ca2+:disaccharide, Fig.  4C) for each Ca2+–heparin group 
interaction (e.g., Eq. 1). All Kb values are relatively small for these 
low free energy materials and the binding constants for Ca2+ 
interactions with heparosan and O-sulfated heparin are similar 
within experimental errors: Kb = 87 ± 8 and 82 ± 21, respectively. 
These values are two orders of magnitude smaller than a previous 
report for Ca2+–alginate interactions (95) and three orders of 
magnitude smaller than for heavy metal binding to carboxylated 
polymers (45, 80).

 In contrast to the other heparin materials, N﻿- and O﻿-sulfated hep­
arin exhibits a significantly larger K﻿b  = 252 ± 26, thus demonstrating 
the importance of the sulfate group at the N﻿-position. This K﻿b  is ~3X 
greater than those of the other materials, but the difference in binding 
affinities is not proportional to the difference in net charges of the 
heparosan and O﻿-sulfated heparin. The nonlinear relationship 
between net charge and K﻿b  may be explained by the site-specific 
interaction enabled by NSO3﻿

− . The NSO3﻿
−  may enable more favora­

ble orientation and water structuring for Ca2+  binding, thus, when 
the site is lost, so are other interactions that contribute to the larger K﻿b .

 The presence of NSO3﻿
−  groups also influences the binding 

sto ichiometry for Ca2+ –heparin interactions. The Ca2+ :disaccharide 
ratio for N﻿- and O﻿-sulfated heparin is approximately 1:1. This 
value is consistent with previously reported Ca2+ :heparin disac­
charide ratio by circular dichroism and NMR methods   ( 54 )  . The 
value is also consistent with binding at the NSO3﻿

−  site, whereby 
NSO3﻿

−  and COO-  coordinate Ca2+ . The ratio further indicates 
that even the strongest interactions with heparin do not involve 
all anionic groups, so do not reach charge parity. This observation 
is consistent with the seemingly minor contributions of 
﻿O﻿-sulfates to interactions with Ca2+ . However, ITC measures 
only the average stoichiometry of the overall binding interaction. 

Consequently, the specific binding environment of a given cal­
cium ion (e.g., how many (and what type of ) charged groups 
are associated with Ca2+ , or whether the associated charged 
groups are on the same or different polysaccharide chains) cannot 
be determined by this technique.

 The average binding stoichiometry for the O﻿-sulfated heparin 
is approximately 1:3 Ca2+  per disaccharide. A 1:3 ratio indicates 
that more disaccharide units or anionic groups are necessary to 
bind Ca2+  than would be predicted based on charge parity. Hence, 
not all anionic groups are involved or able to be involved in the 
interaction, likely due to restrictions in polymer conformation. 
One explanation is that O﻿-SO3﻿

−  groups can be present in several 
different positions (C2 of IdoUA, C3 or C6 of GlcN,  Fig. 1B  ), as 
opposed to the N﻿-SO3﻿

−  which is always present at the same position 
(C2 of GlcN). Thus, geometry may contribute more to the stoi­
chiometry. While the value is small, the unfavorable value of 
ΔS﻿conformation  for O﻿-sulfated heparin (e.g., SI Appendix, SI Text , 
section 2.2 and Table S3 ) further supports the reported stoichiom­
etry being a result of conformation effects. To avoid overparame­
terization during fitting   ( 78 )  , the binding stoichiometry of 
heparosan was set to 0.35 (SI Appendix, SI Text , section 1.3 ). This 
value was informed in part by the measured binding stoichiometry 
for O﻿-sulfated heparin.

 While the evidence shows that the NSO3﻿
−  group has a signifi­

cant role during binding with Ca2+ , these data cannot determine 
whether the higher K﻿b  and stoichiometry, relative to the other 
materials, is a direct result of Ca2+  interactions with the NSO3﻿

−  
group, or a synergistic effect between the N﻿- and O﻿-sulfates in 
the same material. To answer this question, one would need to 
test an only N﻿-sulfated heparin while also addressing the synthetic 
challenge of making this compound (in large enough quantities). 
Molecular dynamics (MD) simulations of heparins would be a 
useful alternative to discern these details. For example, a recent 
MD study of a series of N﻿- and/ or O﻿-sulfated chitosan materials 
indicates that the number of water molecules (and HCO3﻿

−  ions) 
about Ca2+  ions is influenced by sulfate position   ( 69 )  .  

2.  Insights for CaCO3 Nucleation Onto 
Polysaccharides

Given that the entropic driver of Ca2+–heparin interactions is 
directly related to changes in solvation at the polysaccharide–
solution interface, findings in this study bring insight into the 
thermodynamic origins of how polysaccharide composition and 
structure can modulate crystal nucleation onto these substrates. 
The thermodynamic barrier to forming a critical crystal nucleus of 
calcite (CaCO3), and other sparingly soluble salts, is controlled by the 
interfacial free energy of the specific crystallization environment. This 
term quantifies the free energy required to create a new interface for a 
given crystal–substrate–solution system (e.g., CaCO3-heparin-H2O).

 To explore this idea, recall that for a polysaccharide (PS)–calcite 
(cal)–solution (sol) system, the net interfacial energy required to 
form a new calcite nucleus of critical size, γnet , is a composite term 
of contributions from three interfaces:

﻿﻿
�net = � cal−sol + h(� cal−PS − �PS−sol ),

  

  where h is a nucleus shape factor. Although individual contribu­
tions of the three interfaces are not easily resolved, previous studies 
propose that changes in γPS-sol  are the primary control on γnet   
 ( 68 ,  69 )  . They predict that increasingly anionic (hydrophilic) 
groups reduce γPS-sol , leading to an overall increase in γnet    ( 68 ,  69 )  . 
This relationship is supported by a correlation between γnet  of 
calcite nucleation onto diverse polysaccharide compositions and 
the net charge of those polysaccharides ( Fig. 5A  ).        

[6]
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 However,  Fig. 5A   also contains data that are offset from the trend, 
indicating that net charge by itself does not fully explain controls 
on CaCO3  nucleation. Such deviations suggest other factors, includ­
ing polysaccharide conformation and/or functional group position, 
may further “tune” the energy barrier to CaCO3  nucleation. Our 
findings that Ca2+  interactions with heparins are driven by the 
entropic contribution through water restructuring imply changes 
in solvation around polar functional groups could underlie the 
trends and deviations observed in  Fig. 5A  .

 For example, the two alginate materials, which have the same 
net charge but different compositions of mannuronic (M) and 
guluronic (G) acid residues, have different energy barriers. It is well 
established that low G-block (LG-Alg) and high G-block (HG-Alg) 
materials differ in how they coordinate Ca2+    ( 96 ,  97 )  , and Fang 
et al.   ( 95 )   showed (by ITC) that Ca2+  interactions with alginates of 
different M and G compositions present the same ΔG﻿rxn  but differ 
in relative contributions of ΔH﻿rxn  and - T﻿ΔS﻿rxn . Thus, the thermo­
dynamic measurements should indicate whether the origin of the 
offset resides in the differences between their entropic terms during 
Ca2+  interactions. To test this idea, we compared γnet  values [this 
study (SI Appendix, Fig. S6 ) and Giuffre et al.   ( 68 )  ] with corre­
sponding estimates of - T﻿ΔS﻿rxn  [this study and Fang et al.   ( 95 )  ] for 
two alginate (SI Appendix, Table S5 ) and two heparin materials 
(SI Appendix, Table S6 ). Indeed,  Fig. 5B   shows a positive correlation 
such that polysaccharides that present the largest energy barrier to 
CaCO3  nucleation correspond to the greatest disruption of water 
structure (most negative - T﻿ΔS﻿rxn ) during Ca2+  interactions.

 Molecular dynamics (MD) simulations of Ca2+ –polysaccharide 
interactions provide additional insights into the relations in 
 Fig. 5B  . A recent study showed that Ca2+  has solvent-separated 

interactions with SO3﻿
−  and COO−  groups on model chitosan 

materials. Smaller Ca2+ –SO3﻿
−  separations (predicted by MD) cor­

related with larger thermodynamic barriers to nucleation (exper­
imentally determined) for a series of increasingly sulfated chitosan 
derivatives   ( 69 )  . The relationship leads us to propose that closer 
Ca2+ –polysaccharide interactions cause greater disruption of sol­
vation water at these sulfated groups which is reflected in a greater 
entropic contribution to the overall free energy of the binding 
reaction (Eq.  1  ). This explanation is supported by the trend in 
 Fig. 5B  . One would expect that stronger Ca2+  interactions should 
also correlate with shorter Ca2+ –functional group distances (and 
therefore higher energy barriers); however, a correlation between 
γnet  and K﻿b  is not observed for the alginates. This raises the ques­
tion of relative contributions of hydrophilic interactions and Ca2+  
binding mechanism to functional groups to control the parameters 
in γnet.  It also raises the possibility that - T﻿ΔS﻿rxn  is predictive only 
within groups of likematerials. For example, it is plausible that 
 Fig. 5B   contains two material-specific trends: one for heparins 
and one for alginates. Overall, the trends in  Fig. 5 A  and B   suggest 
that an underlying systematics whereby the thermodynamics of 
Ca2+ –polymer interactions, as well as energetic barriers to CaCO3  
nucleation, are rooted in the details of solvation at interfaces for 
both processes.  

3.  Evidence for Systematics in Ca2+–Biomolecule 
Interactions

Findings from this study of three heparin-family molecules 
present an opportunity to probe broader questions regarding 
the nature of Ca2+–polysaccharide interactions and implications 

A

B
Fig. 5.   Measurements suggest an underlying control 
of water structuring on CaCO3 nucleation and Ca2+ 
binding. (A) Energy barrier to calcite nucleation correlates 
with net charge per monosaccharide across diverse 
polysaccharides, but charge cannot explain all trends. 
Note the offset between alginates of the same charge 
but with different mannuronic: guluronic acid ratios. LG = 
low guluronic acid block, HG = high guluronic acid block. 
(B) Energy barrier to calcite nucleation correlates with 
-TΔSrxn values determined by ITC of the corresponding 
molecule with Ca2+. The relationship reconciles the offset 
between alginates when viewed through the lens of 
entropic change upon Ca2+ interactions. Values shown 
in this plot are compiled from multiple studies, whereby 
the -TΔSrxn and γnet measurements are for materials that 
are the same (N- and O-sulfated heparin), very similar in 
composition (O-sulfated heparin, LG-Alg), or reasonably 
comparable (HG-Alg) (SI Appendix, Tables S5 and S6).
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for biological systems. First, Ca2+ interactions with heparins 
and some other anionic polysaccharides share an underlying 
thermodynamic signature that is independent of macromolecule 
charge. By compiling measurements of Ca2+ interactions with 
(the few) published values for linear, anionic polysaccharides 
(SI Appendix, Table S7) (95, 98–100), Fig. 6A shows a shared 
ratio of -TΔSrxn/ΔGrxn in the range of 1.25 to 1.50 that is 
constant across average charge of the monosaccharide. The 
near/ greater than unity value of -TΔSrxn/ΔGrxn is an expected 
consequence for systems that have a larger entropic contribution 
to Ca2+ interactions relative to enthalpic contribution. However,  
not all ΔHrxn values are small and near-constant (SI Appendix, 
Table S7). The similar ratio for multiple types of polysaccharides 
and conditions suggests a general theme for Ca2+–polysaccharide 
interactions and may provide a tool for estimating thermo­
dynamic properties of similar systems for which no data are 
available.

 Second, deviations from the trend in  Fig. 6A   appear to illustrate 
additional types of Ca2+ –polysaccharide interactions and reiterate 
gaps in our thermodynamic understanding of ion binding to pol­
ysaccharides. Published measurements for some Ca2+ –polygalac­
turonate   ( 99 )   interactions as well as some Ca2+ –alginate   ( 95 )   
studies show lower - T﻿ΔS﻿rxn /ΔG﻿rxn  ratios of ~0.50 ( Fig. 6A  ). The 
offsets may arise from how these materials can crosslink via Ca2+  
and thus are associated with a greater enthalpic contribution. In 
the case of polygalacturonate   ( 99 )  , Ca2+  binding begins with an 
entropic interaction (“step 1”) consistent with what is seen for 
other polysaccharides. This is followed by crosslinking between 
chains (“step 2”), which likely correlates with a conformational 
change that may not involve significant water rearrangement or 
release. For the alginates, an entropic step 1 binding stage was also 
observed, but it was too rapid to be quantified   ( 95 )  . Thus, the 
lower - T﻿ΔS﻿rxn /ΔG﻿rxn  values for alginates represent the step 2 
crosslinking energetics.

 Third, the thermodynamic profiles reported in this study reit­
erate the low free energy of ion binding reactions that are associ­
ated with most biological activity   ( 5 ,  6 ,  79 )  . Jimenez and Benitez 
  ( 6 )   postulate that a biologically functional range of ΔG﻿rxn  for 
protein–ligand interactions is maintained by evolutionary adap­
tations that have resulted in an enthalpy–entropy compensation 
relationship. Although polysaccharides and proteins differ 
 significantly in their structures and functions, they share critical 
“universalities” such as polymerization mechanism and higher- 
order assembly   ( 101 )  .

 The relationships for proteins lead us to ask if Ca2+  interactions 
with polysaccharides also exhibit enthalpy–entropy compensation. 
Values of - T﻿ΔS﻿rxn  for Ca2+ –polysaccharide interactions are linearly 
correlated with ΔH﻿rxn  to give a slope ~2 ( Fig. 6B  ). The trend 
includes all polysaccharides in  Fig. 6A   except the outliers discussed 
above, likely for similar reasons. The ΔG﻿rxn  values range from 
approximately 10 to 30 kJ mol−1 . To put the relationship for pol­
ysaccharides into perspective,  Fig. 6B   shows that Ca2+  interactions 
with proteins also exhibit an entropy–enthalpy compensation 
trend, but with a slope of ~1. The lower slope, compared to pol­
ysaccharides, indicates a stronger energetic compensation whereby 
the relative changes in entropy and enthalpy are more balanced 
and correspond to a smaller ΔG﻿rxn  range of 25 to 30 kJ mol−1 . 
This result is consistent with how water restructuring during Ca2+ –
protein interactions couples with greater conformation changes 
to result in a larger change to the ΔH﻿rxn  contribution, relative to 
polysaccharides. We acknowledge the protein data shown here 
(SI Appendix, Table S7 ) do not represent an exhaustive search of 
protein thermodynamic measurements; however, they do represent 
diverse compositions that include cow milk proteins   ( 30 )  , soy 
proteins   ( 29 )  , a mutant human lysozyme   ( 28 )  , calmodulin   ( 31 )  , 
and homogeneous polypeptides   ( 81 )  , A few proteins are offset 
from the trend, suggesting these Ca2+  interactions may or may not 
involve conformation change. The crosslinking polysaccharides 

A

B
Fig. 6.   Compilation of thermodynamic measurements 
for Ca2+ binding to heparins and other polysaccharides 
shows: (A) Ratio of entropic contributions to the free 
energy of Ca2+ binding, -TΔSrxn/ΔGrxn, is independent of 
the average charge per monosaccharide for diverse pol-
ysaccharides (gray band). Most values are 1.25 to 1.50; 
however, a larger band is shaded (1.00 to 1.75) to highlight 
all relevant data points in this group. The near/ great-
er than unity ratio reflects their entropically dominated 
interactions with Ca2+. Offsets from this trend indicate 
other types of Ca2+–polysaccharide binding (see text). (B) 
Ca2+ interactions with polysaccharides exhibit an entropy–
enthalpy compensation relationship with a slope of ~2. 
The trend found for polysaccharides is distinct from that 
of proteins (slope of ~1). Note: LG = low guluronic acid,  
HG = high guluronic acid, IS = ionic strength.D
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that appeared as offsets in  Fig. 6A   would seem to correlate with 
the protein trend. Taken together, it is plausible the distinct trends 
in  Fig. 6B   represent when Ca2+  interactions are dominated only 
by water restructuring (slope ~2) or coupled to a conformational 
change (slope ~1), independent of biopolymer class.  

4.  Conclusions

This quantitative study demonstrates the thermodynamics of 
calcium binding is the consequence of entropically driven water 
restructuring that occurs during Ca2+ interactions with different 
types and positions of functional groups. Through a systematic 
approach, we show that Ca2+ binding to the N- and O- sulfated 
heparin biomolecule is significantly stronger than to O-sulfated 
heparin and the nonsulfated heparosan control. This finding 
demonstrates the importantance of the NSO3

− group/position 
in modulating Ca2+ interactions and provides a physical basis 
for understanding its activity during biological processes and for 
optimizing activity in biomedical systems.

 The significance of water restructuring during calcium ion inter­
actions with macromolecules emerges as a general theme for under­
standing diverse, biologically relevant systems. For biomineralization, 
the data show that a large - T﻿ΔS﻿rxn  upon Ca2+  binding correlates with 
high interfacial energy (γnet ) to calcite nucleation, independently 
supporting the model that polysaccharide-specific controls on the 
kinetics of CaCO3  nucleation (and possibly other Ca-bearing 
biominerals) are driven by changes in water structuring.

 When the thermodynamic profiles determined for Ca2+  interac­
tions with heparins are combined with data reported for other 
charged polysaccharides, we find an enthalpy–entropy compensation 
relationship that reflects how the large - T﻿ΔS﻿rxn  contribution to the 
total free energy of the reaction is not coupled to a conformational 
change. In contrast, data from published measurements of Ca2+ –
protein binding thermodynamics present a different compensation 
signature that indicates a combination of changes in molecular 
 conformation and solvation. The relationships suggest a tool for 
predicting the thermodynamics of Ca2+  binding to macromolecules 

in biochemical and materials systems for which there are no exper­
imental data. The relations also provide insights into the evolutionary 
adaptations that shaped low free energy Ca2+ –biopolymer activity 
and structure–function relations across early living systems.   

5.  Materials and Methods

Heparosan was produced and purified as described by Wang et al. (74). The O-
sulfated heparin was chemically modified to remove SO3

- from the C2N position 
using established methods (75). The N- and O-sulfated heparin was obtained as 
a purified, natural porcine sample. Detailed descriptions of materials and their 
characterization are provided in SI Appendix, SI Text, sections 1.1 and 1.2. The 
ITC instrument used was an Affinity-ITC (TA Instruments), and details for each 
experiment are provided in SI Appendix, SI Text, section 1.3. CaCO3 nucleation 
rates onto N- and O-sulfated heparin were measured using established methods 
(68, 69) and are described in SI Appendix, SI Text, section 1.4.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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