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Biologically produced exopolysaccharides (EPS) affect
calcite dissolution and precipitation. In this study, natural
alkaliphilic microbial isolates were collected from biofilms
on historic limestone. The isolates were screened for their
ability to produce significant quantities of EPS in cultures.
The most productive isolates were identified by 16S
rRNA sequence analysis as a close relative of Bacillus
cereus. EPS with different chemical structures were harvested
from the isolates. Isothermal titration calorimetry (ITC)
was used to quantify the thermodynamics of binding by
the harvested EPS to calcite. The binding was described
by a Langmuir adsorption isotherm. Characterization of the
EPS showed that binding strength to calcite depended
on the chemical nature of the polymer.

Introduction
Dissolution of calcium carbonate (calcite) affects global
carbon cycling (1), the chemistry of marine systems (2), the
porosity and heterogeneity of aquifers (3), the local pH and
alkalinity of natural waters in terrestrial environments (4),
and the fate and transport of anthropogenic pollutants,
especially heavy metals (5). Additionally, many stone cultural
heritage materials are composed predominantly of calcium
carbonate in the form of limestone or marble. Retardation
of deterioration is important for preserving these artifacts
(6). The most important chemical controls of weathering
rates are the local pH conditions and the concentration of
chelating ligands (7). Although the effect of pH on calcium
carbonate dissolution is well-studied (as reviewed in ref 8),
the effect of biologically produced ligands is less well-
understood.

Biofilms are a rich source of biological ligands. Mature
biofilms on mineral surfaces are temporally, spatially, and
taxonomically dynamic communities of microorganisms that
can affect dissolution through the production of metabolic
byproducts. Bacteria, Archaea, algae, fungi, and lichens
increase calcite dissolution rates through the production of
metabolic byproducts, such as organic and inorganic acids

(9-11). Other complex biologically derived compounds,
including lipids and phospholipids (12, 13), proteins (12),
humics (14), and other carboxylated compounds (15, 16),
inhibit dissolution (17,18).

Exopolysaccharide (EPS) is a particularly important class
of biological ligands, which biofilm bacteria produce in large
amounts. EPS molecules bind minerals and affect the
dissolution rate. EPS is generally composed of a variety of
sugars often containing functional groups (such as carboxylic
acids) that can interact with mineral ions, such as iron or
aluminum (19). The chemical structure of EPS is genotypi-
cally, phenotypically, and environmentally regulated. It varies
by microorganism, growth stage, nutrient abundance, and
various environmental stimuli (9). EPS binds to minerals with
different strengths, and the complex nature of the EPS-
mineral interaction arises from the detailed chemical com-
positions of EPS and mineral surfaces. The specific dissolution
effects of EPS depend on mineral type, ligand functionality,
acidic moieties, and pH.

EPS acts by several mechanisms (20), such as by decreasing
aqueous saturation through secondary precipitation or by
chelating dissolution-inhibiting ions (21). Different types of
EPS have been observed to either accelerate or slow mineral
dissolution rates (17, 22). However, how these mechanisms
and reactions precisely work is not well-established (22-
24). We have previously shown that a model, commercially
available microbial polysaccharide produced by ubiquitous
microorganisms accelerates calcite dissolution by a crys-
tallographically specific, surface-chelation mechanism (21).
Quantification of the EPS-mineral interaction is, however,
challenging due to the difficulty of retrieving EPS from natural
microbial isolates and the chemical complexity of the
interactions.

In this study, calcite binding by microbial EPS was
investigated by isothermal titration calorimetry (ITC). ITC is
a thermodynamic technique that quantifies the heat absorbed
or released during chemical reactions. The evolved heat flux
is proportional to the amount of binding and can be used
to calculate thermodynamic parameters, such as enthalpies
of binding. Building on the work by Dimova et al. (25), we
utilized ITC to quantify calcite binding by EPS produced by
natural microbial isolates. Two EPS-producing microorgan-
isms were collected from stone surfaces and phylogentically
profiled. Additionally, a known calcareous-mineral precipi-
tating microorganism, Proteus mirabilis, was investigated.
EPS was produced in cultures and chemically characterized.
Calcite binding by our collected polymers was measured
using ITC, and the data were compared to binding by humic
acid. A Langmuir adsorption isotherm (25) thermodynamic
model of binding of surficial cations described the EPS-
mineral reaction.

Materials and Methods
Sample Collection and Organism Isolation and Identifica-
tion. The microbial samples were collected from the dark
interior of Tomb 25, Athienou Archaeological Project, Mal-
loura, Cyprus. The microorganisms were removed from the
stone surface by swabbing using a Q-tip in a sterile solution
of saline (0.85% NaCl) and dilute (<0.1%) nontoxic surfactant
(Triton X-1000) in deionized water. Collected organisms were
released into suspension by vortexing and were enriched for
alkaliphilic organisms by inoculating the suspensions on a
solid alkaliphilic growth medium modified from Horikoshi
(26) set to pH 10.5 and allowed to grow at room temperature
(23 °C). The medium consisted of 10 g of dextrose, 7 g of
NaHCO3, 10 g of polypeptone, 10 g of yeast extract, 1 g of

* Corresponding author phone: (617)495-4180. Fax: (617)496-
1471. E-mail: tperry@deas.harvard.edu.

† Harvard University.
‡ Massachusetts Institute of Technology.
§ W. R. Grace Corporation.

Environ. Sci. Technol. 2005, 39, 8770-8775

8770 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 22, 2005 10.1021/es0508368 CCC: $30.25  2005 American Chemical Society
Published on Web 10/06/2005



KH2PO4, 0.2 g of Mg2SO4‚7H2O, and 20 g of agar in 1 L of
water. The dextrose and NaHCO3 each were prepared in
separate 100 mL flasks to prevent hydrolysis. Each solution
was adjusted to the desired pH, autoclaved, and combined
after cooling. Pure bacterial cultures were obtained by
repeated streaking. Several isolates were screened for their
ability to produce polymers at high pH values, and one
isolated organism (identified as isolate G3) was chosen for
further experimentation. The isolated organism MEX244.1
was selected from a library of microorganisms collected from
the Acropolis at the Maya site at Ek’ Balam, Yucatan, Mexico,
as described in McNamara et al. (27) and enriched under
alkaline conditions using a medium containing precipitated
calcium carbonate (28).

The selected isolates were identified by 16S rRNA gene
sequencing. DNA was extracted using the UltraClean Soil
DNA Kit (MoBio Labs, Carlsbad, CA). A portion of the 16S
rDNA genes was amplified using the primers 27f and 1492r
(29) in PCR protocol (30) carried out in a Robocycler
(Stratagene, La Jolla, CA) for 35 cycles under the following
conditions: initial denaturation at 94 °C for 3 min, followed
by 15 cycles of denaturation at 94 °C for 1 min, primer
annealing at 50 °C for 1 min, and elongation at 72 °C for 2
min with a final extension step at 72 °C for 5 min. PCR
reactions were conducted in 50 µL volumes and contained
25 pmol of each primer, 0.2 mM dNTP, 5.0 µL of 10x PCR
buffer (200 mM Tris-HCl, pH 8.4, 500 mM KCl), 2 mM MgCl2,
2 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA), 4 µL
of template DNA from the extractions, and Nanopure
deionized water (18.3 MΩ cm; Barnstead, Dubuque, IA). The
amplified fragments were precipitated using a QIAquick PCR
purification kit (Qiagen, Valencia, CA) and resuspended. The
fragments served as the template for the sequencing PCR
reaction using three primers to obtain complete sequences:
27f, 907r, 1942r (29), and a BigDye Terminator kit (Applied
Biosystems, Foster City, CA).

16S rRNA gene sequences were edited and assembled
using the Sequencher software (Gene Codes) and were
checked for quality by manually mapping to a secondary
structure of Bacillus cereus 16S rRNA (31, 32). Related
sequences were identified by comparing sequences against
Genbank (33) and by searching against the Ribosomal
Database Project (RDP) (34, 35). Phylogenetic analyses were
conducted in PAUP, version 4.0b10 (36). Relationships were
determined using the neighbor-joining method with Jukes-
Cantor correction and checked for consistency using par-
simony and maximum likelihood methods. Almost the full
length of the sequences (Escherichia coli positions 98-1460)
was used in the phylogenetic analyses. For each analysis,
bootstrap resampling with minimum evolution method with
1000 replicates was used to test robustness.

Polymer Production and Characterization. EPS was
produced by growing the isolates in a 15 L batch reactor in
nutrient broth with constant stirring and aeration for 96 h
at 23 °C. Cells were removed from the culture by tangential
filtration through a 0.22 µm membrane filter (Durapore,
Pellicon-2, Millipore). The EPS was concentrated 100× using
a 5 kD membrane filter (PLCCC, Pellicon-2, Millipore).
Contaminating macromolecules, including DNA, RNA, and
proteins, were removed by the method of Gonçalves et al.
(37). Contaminating salts were removed by centrifugal
filtration (10 kD Macrosep filter; Pall, East Hills, NY) and
repeated rinsing of EPS retentate with Nanopure water. This
protocol resulted in purified polysaccharides.

Collected polymers were characterized by the Complex
Carbohydrate Research Center (University of Georgia, Athens,
GA). Glycosyl composition and linkage analysis were analyzed
using gas chromatography/mass spectrometry (GC-MS) (38)
of partially methylated alditol acetates (39). The EPS
molecular weights were determined by size-exclusion chro-

matography. A 1 mg sample of a 10 mg mL-1 EPS solution
was injected onto a Superose 12 column at a flow rate of 0.40
mL min-1 in 50 mM ammonium formate at pH 4.8. Dextran
standards of 10, 40, 67, and 167 kD were run in tandem with
the sample.

Isothermal Titration Calorimetry. Calcite crystals
(CaCO3) were prepared by slow crystallization using the
technique of Kitano et al. (25, 40). A solution in equilibrium
with calcite and 1 atm of CO2 of calcium carbonate was
prepared by bubbling CO2 gas through a suspension of 5 g
of CaCO3 in 4 L of Nanopure water for 60 min with constant
stirring at room temperature. Undissolved CaCO3 was
removed by vacuum filtration through #4 (20-25 µm)
Whatman filter paper (Middlesex, UK). Bubbling for another
30 min dissolved any remaining particles in the filtered
solution. The solution was stored in an unsealed container
and allowed to equilibrate with atmospheric CO2 (360 ppm)
for 48 h at room temperature, during which time calcite
precipitated (41). Crystals with well-defined rhombohedral
morphology and surface area precipitated after the solution
was left. The crystal surface area was quantified by the BET
method, which measured gaseous pressure drop as nitrogen/
helium/krypton mixtures were sorbed to the crystal surface.
The surface area measurements were consistent with optical
microscopy measurements (Olympus BX-60, Melville, NY)
of a large sample set using transmitted light at 100×. A perfect
crystal without meso- or atomic-scale topographical ir-
regularities was assumed in the optical microscopy calcula-
tions (42, 43).

Solutions of pure ionic calcium were prepared by filtration
(0.1 µm, VC grade; Millipore, Billerica, MA) of the calcite
suspensions (25). The absence of large crystals was confirmed
by optical microscopy. Although a 0.1 µm pore size was used
for filtration, meso-scale calcite aggregations may have still
been present in solution (25). The solution calcium con-
centration was measured using flame atomic absorption
spectroscopy.

Interactions of EPS with aqueous calcium cations (Ca(aq)
2+)

and particulate calcite (CaCO3(s)) interactions were investi-
gated using a VP-ITC calorimeter (MicroCal, Northampton,
MA). Solutions were made with Nanopure water, previously
degassed for 5 min under vacuum. Experiments were
performed at a working volume of 1.428 mL, 30 °C, and a stir
rate of 280 rpm to obviate settling of the crystals. Titrations
of the 1% (w/w) EPS into deionized water, CaCO3(s) suspen-
sion, or Ca(aq)

2+ solutions were performed in 10 µL aliquots
injected over 20 s with 300 s between injections. An
equilibration time of 300 s was necessary to return to baseline,
presumably because of sluggish EPS binding kinetics. Analysis
of the data was performed using Origin 7.0 (MicroCal).

Results and Discussion
Microorganisms and Polymer Characterization. EPS pro-
ducing isolates were chosen from libraries of biofilm-forming
microorganisms collected from two mineral surfaces based
on their viability in alkaline conditions (10 < pH < 12) and
their ability to produce EPS. The culture conditions were
selected to favor the Bacillus genus because several members
have been demonstrated to be alkaliphilic (26, 44, 45). The
ability of these organisms to grow in high pH environments
may be a consequence of the protective strategies of Gram-
positive bacteria, such as the presence of neutralizing
membrane-bound sodium pumps (46).

The mineral substrate was predominantly calcite. The
Cyprus sample was 95% biomicritic calcium carbonate as
determined by thin-section polarized light microscopy (47).
The Mexico sample was 98% calcite as detailed in ref 48. An
isolate that produced significant quantities of EPS in culture
was designated G3 and chosen for future experimentation
from a pool of over 20 alkaliphilic microorganisms collected
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from the sampled historic site in Cyprus. MEX244.1 was
selected from a pool of over 200 epilithic biofilm bacteria
collected from the Maya site of Ek’ Balam in Mexico (27).
Amplified 16S rDNA gene sequences were aligned with those
of other alkaliphilic Bacillus species and microorganisms to
identify the isolates (Figure 1). Although the two isolated
alkaliphilic microorganisms were phylogenetically very simi-
lar, differing in two base positions, they produced EPS with
different chemistries (Table 1). The assembled sequence
sequences G3 and MEX244.1 most closely resembled those
of B. cereus and B. thuringiensis. The relationships of these
isolates to other cultured alkaliphilic Bacillus species are
shown in Figure 1. The EPS of the several isolates also had
differing binding capacities for calcite.

EPS produced in culture was harvested from the isolates.
The monosaccharide residues and linkages of the EPS
samples were analyzed. The EPS samples were large mac-
romolecules with several monosaccharide types (Table 1)
and complex branching structures (see Supporting Informa-
tion). EPS from G3 was dominantly a polymannose, while
EPS from MEX244.1 and P. mirabilis contained larger
amounts of other monosaccharides. The detection of glu-
cosamine in the G3 EPS suggests that the polymer was a part
of a glycoprotein. The EPS samples from our isolates had
molecular weights of at least 167 kD; this value was used in
calculations of molarity. GC-MS chromatograms of the
polymers from G3 and MEX244.1 had only a single peak,
which suggested the presence of a single purified polysac-
charide and the absence of contaminating macromolecules.
In contrast, the EPS from P. mirabilis appeared to have two
components (see Supporting Information). The bacteria may
also have produced other, smaller oligosaccharides. If such
production did occur, either these oligomers were not

collected by the purification procedure or they were present
in insignificant quantities in comparison to the large EPS
polymer.

Isothermal Titration Calorimetry with Harvested Exo-
polysaccharides. A suspension of calcite crystals was grown
in a supersaturated calcium solution for ITC analysis. The
precipitated calcite was predominantly regular (101h4) rhom-
bohedral crystals. The surface area of the crystals was 0.39
m2 g-1 as measured by BET analysis, which was equivalent
to 32 × 10-3 m2 L-1 in the calcite suspension. A similar value
was obtained from optical microscopy measurements,
indicating that most of the surface area was in the form of
large crystals. No evidence of vaterite precipitation was
observed by optical microscopy. Filtration of these calcite
suspensions resulted in solutions of aqueous calcium. Crystal
removal from solutions was confirmed by optical microscopy
of multiple samples. This preparation avoided any pH or
ionic strength differences between the solutions with and
without calcite crystals, which otherwise could have affected
the ITC measurements. In solutions with and without calcite
crystals, the measured calcium concentration was 0.97 (
0.03 mM.

ITC measurements were performed for EPS from two
natural isolates (G3 and MEX244.1) as well as from P. mirabilis
Hauser. Experiments were conducted in Nanopure water
without calcium, in a solution containing aqueous calcium
cations (Ca(aq)

2+), and in a solution containing aqueous
calcium cations and precipitated calcite (Ca(aq/surf)

2+). The
titrant contained 1% (w/w) EPS solutions. Heat fluxes
accompanying the titrations are shown in Figures 2-4.

Several types of EPS had different heat-flux responses
during addition to water (Figure 2). EPS from MEX244.1 and
P. mirabilis had very little heat-flux when titrated into water.
EPS from G3 had a slightly exothermic character that
stabilized near the baseline, indicating that this biomolecule
was very hydrophilic and that energy was released with
hydration. For comparison, titration with humic acid (Alfa
Aesar, Ward Hill, MA) was also carried out. The heat flux of
humic acid was initially endothermic, which possibly resulted
from its more hydrophobic nature that requires more energy
to successfully disperse in the aqueous milieu. The differences
between the observed curves were within the short-term noise
range of the ITC (2 nJ s-1).

The differences among the titration profiles may also have
resulted from, in part, pH differences of the injectant and
calcium/water solutions. The pH values of the calcium/water
solutions were as follows: 6.1, 7.8, and 8.0 for Nanopure
water, water solutions containing Ca(aq)

2+, and water solutions
containing Ca(aq)

2+ and suspended calcite crystals, respec-
tively. The pH values of the biomolecule titrants also slightly
differed: 7.3, 7.0, 6.9, and 6.8 for humic acid, P. mirabilis
EPS, G3 EPS, and MEX244.1 EPS, respectively. The difference

TABLE 1. Glycosyl Composition Analysis

G3 EPS MEX244.1 EPS P. mirabilis EPS

glycosyl residue mass (µg) mol %a mass (µg) mol %a mass (µg) mol %a

arabinose (Ara) 3.1 5.0 7.4 9.4 15.6 16.3
rhamnose (Rha) trace n.d.b 2.8 3.2 3.4 3.3
fucose (Fuc) n.d. n.d. n.d. n.d. n.d. n.d.
xylose (Xyl) 2.1 3.4 4.4 5.6 4.9 5.1
glucuronic acid (GlcA) n.d. n.d. n.d. n.d. n.d. n.d.
galacturonic acid (GalA) trace n.d. 7.6 7.5 10.3 8.3
mannose (Man) 51.8 70.3 49.2 52.2 35.5 30.6
galactose (Glc) 9.0 12.1 15.9 16.9 26.5 23.0
glucose (Glc) 3.5 4.7 4.9 5.2 15.4 13.4
N-acetyl glucosamine (GlcNAc) 4.0 4.5 n.d. n.d. n.d. n.d.
total carbohydrate 73.5 92.2 111.6

a Values are expressed as mole percent of total carbohydrate. b n.d.: not detected.

FIGURE 1. Phylogenetic relationships based on partial 16S rDNA
sequence (1412 base pairs) of two isolates MEX244.1 and G3. The
tree was constructed in PAUP by a neighbor-joining method using
Jukes-Cantor corrections. Bootstrap values based on 1000 rep-
licates each (for distance and parsimony) are shown for branches
with >50% support. The sequences used for tree construction were
submitted to GenBank for G3 (accession AY987935) and MEX244.1
(accession AY987936).
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in pH values of the solutions may affect the magnitude of the
recorded results, especially when comparing solutions in the
absence and presence of calcium. However, due to the
complexity of the acid-base chemistry and conformations
of EPS and the similarity of the pH conditions of the solutions
containing calcium, we did not adjust the pH or employ
buffers. Moreover, solution additives, which otherwise could
have affected the EPS adsorption to calcite, were also avoided.

In the next set of experiments, the EPS molecules were
titrated into solutions containing aqueous calcium cations.
EPS produced by MEX244.1 was initially slightly endothermic
that quickly stabilized at the baseline (Figure 3). We inter-
preted this behavior as a minimal interaction of the EPS with
the aqueous cations, which was caused by a combination of
restructuring of the EPS in solution and a breaking of water
bonds with EPS and dissolved calcium. Importantly, however,
the absolute magnitude of the heat flux was small, which
indicated that this polymer weakly associated with calcium
ions.

In comparison to MEX244.1, EPS from P. mirabilis resulted
in a mildly more endothermic event (Figure 3), indicating
more interaction with the cations. The EPS from P. mirabilis
stabilizes growing mineral crystals by binding cations (49,
50), which is consistent with our observations of its ability
to associate with calcium ions. The initial endothermic nature
of this interaction appears counterintuitive when considering
normal ligand-receptor energetics, which are often exo-
thermic. Our a priori assumption was that the Coulomb
interactions between the positively charged Ca(aq)

2+ and a
negatively charged, electron-donating oxygen species on the
EPS (such as hydroxyls and ethers) would be the driving
force for these interactions. The endothermic character of
this reaction instead indicated a more important role for the
liberation of water from the hydration shells of this hydro-
philic EPS (i.e., exoergic but endothermic; cf. Figure 2) (25).

In a final set of experiments, the EPS molecules were
titrated into solutions containing suspended calcite crystals.
The presence of calcite resulted in an endothermic shift
relative to the heat fluxes in the absence of calcite. Direct
observation of the heat flux arising from EPS-calcite
interactions is complicated by the substantially greater heat
flux resulting from EPS hydration and binding of aqueous
calcium cations by EPS (25). The heat flux arising from the
EPS-calcite interaction can, however, be obtained by taking
the difference of the heat flux into calcite suspensions from
the heat flux in filtered solutions. The resulting heat flux is
shown in Figure 4.

Figure 4 shows that the heat flux associated with surface
binding by EPS from G3 became increasingly endothermic
but then abruptly switched to increasingly exothermic during
the reaction. The data profiles show an increasingly endo-
thermic behavior for 0 < [EPST] < 4-6 µM followed by an
increasingly exothermic behavior for [EPST] > 6 µM. These
data suggest that, for [EPST] < 4-6 µM, EPS from G3 pref-
erentially binds to aqueous cations first due to the greater
effect of hydration shell disruption when binding aqueous
cations as compared to surficial cations. For [EPST] < 4-6
µM, the concentration of the reactive sites on the EPS
approximates the concentration of aqueous cations. Once
EPS has bound the aqueous calcium (e.g., 4-6 µM), it begins
to bind to the calcite surface. The inflection point in Figure

FIGURE 2. Heat flux titration for G3 EPS (0), MEX244.1 EPS (4),
P. mirabilis EPS (O), and humic acid (]). In these experiments, the
biomolecule is progressively added to water, so the heat flux arises
from the hydration process. *Humic acid molar concentrations are
for comparison only because the molecular weight was not
determined because of the heterogeneity of the sample.

FIGURE 3. Heat flux titration for G3 EPS (0), MEX244.1 EPS (4),
P. mirabilis EPS (O), and humic acid (]). In these experiments, the
biomolecule is progressively added to water solutions containing
1 mM Ca(aq)

2+, so the heat flux arises from a combination of the H2O
and Ca(aq)

2+ binding by the various biomolecules. Induced confor-
mational changes may also contribute to the heat flux.

FIGURE 4. Difference in the heat flux in the presence and absence
of CaCO3(s) for (0/[) G3 EPS, (4) MEX244.1 EPS, (O/b) P. mirabilis
EPS, and (]/[) humic acid. These data are determined as the
difference of titrations with and without large calcite crystals, so
the heat flux arises from Ca(surf)

2+ binding by the various biomolecules.
In these experiments, the biomolecule is progressively added to
water solutions containing 1 mM Ca(aq)

2+ and 8.2 × 10-3 g L-1

suspended calcite crystals. Open symbols are the data used for
model fitting via a Langmuir type isotherm (lines).
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4 shows the crossover during the titrations. This behavior is
similarly observed for the humic acid-calcite interaction,
although the magnitude of the heat flux resulting from the
reaction diminishes. The ability of the EPS to scavenge cations
appears to be a relatively fast process that binds the aqueous
calcium faster than it is replaced by accelerated dissolution
of the calcite crystal through lowering of aqueous saturation
(21). The descending portion of the data for [EPST] > 4 µM
is attributed to the binding of calcite reactive surface sites
by EPS and eventual surface equilibrium. In comparison to
EPS from G3, EPS from P. mirabilis and MEX244.1 had weak
interactions (i.e., small heat flux) with the calcite surface.

We developed a calcium-binding mass balance from
information about the G3 polymer structure (viz. Table 1).
It showed that for [EPST] < 4-6 µM, the concentration of
EPS reactive sites approximates the number of aqueous
calcium ions. Chemical characterization of the polymer
permits estimation of the maximum calcium binding capacity
((EPS‚Ca2+)max) per mole of polymer via

where MWEPS is the molecular weight of the EPS, MW6 and
MW5 are the average molecular weights of the six- and five-
membered monosaccharides detected, i6 and i5 are their
percent contributions, and q is the coordination of the
binding reaction. This equation estimates the number of
cation binding sites from the relative fractions of detected
five- and six-membered sugar rings. We assume octadentate
coordination of EPS monosaccharides around a single
calcium ion because this coordination has been observed as
a maximum binding capability for other natural polymers
(51). The calculated result is that EPS produced by G3 binds
220 mol of calcium per mol of polymer. For [EPST] ) 4 µM,
the concentration of octadentate reactive sites on G3
approximates the concentration of aqueous cations. This
calculation supports the earlier statement of the role of
aqueous calcite EPS binding in the ascending portion of the
heat-flux data (Figure 4).

Langmuir Binding Model. A two-parameter Langmuir
model can be fit to the data to determine an adsorption
constant (Kads) and specific enthalpy (∆Hsurf) for the EPS-
calcite interactions, as defined in eq 8 of the Supporting
Information. A Langmuir-type isotherm (25), a commonly
used descriptor of surface adsorption, is used to explain the
adsorption of the biomolecule to the calcite surface. The
model assumes that there is a single type of reaction site on
both biomolecule and calcite. This simplification of the
system, in which both reactive species are heterogeneous
due to complex monosaccharide arrangements and branch-
ing structures of EPS and the complex surficial features on
calcite, is nevertheless valuable for quantification of the EPS-
calcite interaction and adequately accounts for the empirical
results.

The Langmuir model is applied only to later injections
(after the inflection point) because chelation of aqueous
cations affects the heat flux in the early injections of the
titration. Model-fit lines are shown in Figure 4. The fitted
values for the adsorption constants and enthalpy are given
in Table 2 for EPS from G3, MEX244.1, P. mirabilis, and humic
acid.

Environmental Implications. Alkaliphilic bacteria are
often the primary colonizers of fresh limestone surfaces. A
freshly exposed calcite mineral surface under aqueous
conditions has a pH of 8-10 (26), which naturally enriches
for alkaliphilic or alkalitolerant bacteria. These initial colo-
nizers produce metabolic byproducts, such as EPS. These
byproducts may contribute to early dissolution processes
during biofilm development (11, 21). The bacteria have the

metabolic ability to produce different EPS depending on
growth stage, nutrient conditions, and other environmental
factors, which will have different dissolution effects.

Nonpolar electron-donating groups are important in
stabilizing the EPS-calcium complex. The EPS monosac-
charide residues detected in our study are a mixture of five-
and six-membered sugars without reactive moieties that
would typically be implicated in a reaction with a polar
mineral surface, such as carboxylates. However, carboxylates
are absent on the monosaccharides detected in the harvested
EPS. The absence of these moieties indicates that hydration
of the polymer, rather than Coulombic interactions, may be
the driving force for surface adsorption (25) and that the role
of hydroxyls and linkage esters in binding to a mineral surface
is significant.

In natural environments, biological macromolecules such
as EPS may play an underestimated role in dissolution
reactions. Humic acids are abundant organic species that
play a role in mineral weathering (17, 18). However, EPS
polysaccharides are also abundant biopolymers. The ob-
servation that EPS can have different binding interactions
with calcite and that the effect can be of similar magnitude
to that of humic acid indicates that these polymers should
be considered when modeling mineral weathering (19).
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