
crystals

Article

Modulating Nucleation by Kosmotropes and
Chaotropes: Testing the Waters

Ashit Rao 1,2,3,*, Denis Gebauer 1,* ID and Helmut Cölfen 1 ID

1 Department of Chemistry, Universitätsstr. 10, University of Konstanz, Konstanz 78464, Germany;
helmut.coelfen@uni-konstanz.de

2 Freiburg Institute for Advanced Studies, Albert-Ludwigs-Universität Freiburg, Freiburg 79104, Germany
3 Centre for Biosystem Analysis, Albert-Ludwigs-Universität Freiburg, Freiburg 79104, Germany
* Correspondence: Ashit.Rao@frias.uni-freiburg.de (A.R.); Denis.Gebauer@uni-konstanz.de (D.G.)

Received: 24 August 2017; Accepted: 4 October 2017; Published: 6 October 2017

Abstract: Water is a fundamental solvent sustaining life, key to the conformations and equilibria
associated with solute species. Emerging studies on nucleation and crystallization phenomena reveal
that the dynamics of hydration associated with mineral precursors are critical in determining material
formation and growth. With certain small molecules affecting the hydration and conformational
stability of co-solutes, this study systematically explores the effects of these chaotropes and
kosmotropes as well as certain sugar enantiomers on the early stages of calcium carbonate formation.
These small molecules appear to modulate mineral nucleation in a class-dependent manner.
The observed effects are finite in comparison to the established, strong interactions between charged
polymers and intermediate mineral forms. Thus, perturbations to hydration dynamics of ion clusters
by co-solute species can affect nucleation phenomena in a discernable manner.
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1. Introduction

Water is one of the most abundant molecules in the universe [1]. It affects global processes
such as erosion and climate as well as phenomena at atomic length scales such as molecular
configurations and interactions. As a ubiquitous cellular constituent, water molecules influence
biomolecular conformations and interactions [2,3]. However, the influences of hydration and bulk
water on chemical processes are not completely understood. Historically, certain salts have been
linked with an ability to influence water structure, and thereby the conformational states of co-solute
macromolecules. This gradually led to the nomenclature of solute additives as either structure-breakers
or structure-makers, corresponding to their respective stabilizing or disruptive effect on the short-range
order i.e., hydrogen bonding networks in the liquid [2,4]. However, convincing evidence for
a significant perturbation of bulk water structure by solutes still remains lacking.

Alternate explanations are provided for the observed effects of ionic species on macromolecules [3].
For instance, direct interactions of ions with macromolecules and their first shell of hydration play key
roles in the hydrophobic collapse and solubility of poly(N-isopropylacrylamide) [5]. Simulation studies
also show that ions alter hydrogen bonding, salt bridges, and hydrophobic interactions that underlie
macromolecular conformations [6,7]. These studies suggest that the Hofmeister series emerges from
interactions of the ions with macromolecules and the associated hydration, and not due to structural
perturbations to the bulk solvent. Therefore the configurational and chemical properties of solute
macromolecules are important factors that determine the consequences of ionic interactions [3,8,9].

Certain small organic molecules are also implicated in affecting the hydration of co-solutes.
For example, organisms thriving in extreme habitats modify solvent effects by sequestering high
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solute contents [10]. Members of this solute family (compensatory kosmotropes or osmolytes [11])
are generally compatible with biochemical processes and provide a mechanism for the evasion of
osmotic stress without extensive covalent modifications of biomacromolecules [10]. This is essential
for the survival of organisms including bacterial and fungal spores, rotifers, and tardigrades [12,13].
The mechanistic functions of certain osmolytes (e.g., glycerol and betaine) may be due to their exclusion
from the immediate vicinity of co-solutes [14,15]. These kosmotropes may also decrease the solubility
of hydrophobic, potentially toxic molecules by enhancing their aggregation [16]. Being polar molecules
with a negligible net charge, kosmotropes prefer forming hydrogen bonds with water molecules and
therefore are excluded from the hydration shell of hydrophobic patches on macromolecules. On these
lines, a ‘solvophobic thermodynamic force’ is described for the unfavorable interactions between the
osmolytes and peptide backbone that increase the free energy for macromolecular denaturation [17].
Another hypothesis for the activity of kosmotropes is the occurrence of microdomains of high and
low density states of water in which osmolytes (kosmotropes) and chaotropes preferentially partition.
In this scenario, the thermodynamic cost for altering the equilibrium between the density states is
related to the conformational stability of macromolecular co-solutes [18].

In comparison to kosmotropes, in aqueous solutions of chaotropes, the solubility of non-polar
solutes is enhanced. For instance, urea and guanidine significantly increase the solubility of
biomolecules; however at the cost of denaturation, i.e., a loss of native macromolecular structure [19,20].
These small molecules interact with co-solutes and weaken interactions with solvent molecules.
This leads to destabilized native conformations and an increased water-accessible surface area of
macromolecules [16,21]. A preferential accumulation of chaotropic metabolites is also shown to
support the growth of certain microbes at low temperatures [22]. Thus the effects of chaotropes
and kosmotropes on the conformation and hydration of co-solutes arises from their preferential
partitioning to either the bulk solvent phase or the water-solute interfaces and therefore is determined
by the physicochemical nature of hydrated co-solutes [23]. Given the fundamental roles of these
interactions in biomolecular structure and function, their impacts on nucleation and crystallization
behavior in nature also require elucidation.

Of the natural minerals, calcium carbonate (CaCO3) is produced at a rate of 5 billion tons per year
in the oceans and is a key industrial material on account of its role as a filler and scalant material [24–26].
It is a crucial raw material for the production of Portland cement (about 4 Gt manufactured per year).
With advances in the resolution of analytical techniques, several key aspects of mineral nucleation and
growth including pre-nucleation clusters (PNCs) and oriented attachment have been identified [27–32].
In these processes, the role of water as a bulk solvent and hydration molecule is fundamentally
important. The formation of ion-clusters from free species requires a certain release of ion-associated
hydration [28,29]. During the phase separation of hydrated PNCs, the dynamics of the water hydrogen
network are affected and allow localizing a binodal limit for liquid-liquid demixing. This process
yields dense calcium carbonate droplets, which are precursors to solid amorphous calcium carbonate
(ACC) [33–35]. Recently, it was shown that different background ions influence PNC stabilities as well
as ACC solubilities, which was rationalized by effects of the spectator ions on the hydration shells [36].
Considering the lower density of PNCs in comparison to that of liquid/gel-like and solid ACC,
a significant ion cluster-associated hydration endures in the nucleated phase [37]. These intermediate
mineral forms are characterized by distinct water contents. Stable forms of biogenic and synthetic
ACC also contain structural water [38–41]. During the process of crystallization, the ACC undergoes
steps of hydration loss and follows an energetically downhill sequence from a short-lived anhydrous
form to crystalline phases [42,43]. This transformation process is significantly affected by the water
content of the bulk solvent, affecting the polymorph selectivity of CaCO3 [44]. In the absence of
additives stabilizing crystalline surfaces, the solvent conditions also determine the reconstruction
of high energy faces [45]. These studies reflect a dynamic equilibrium between free (bulk) and
ion-associated (hydration/structural) water during mineral formation, the importance of which is
reflected by the distinct nature of the H-bond network of hydration shells in terms of density, structure,
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and dynamics [46–48]. Thus the bulk and mineral-associated solvent molecules play critical roles
from the primary to final stages of mineralization, encompassing PNCs, liquid, and amorphous
intermediates and crystals.

The roles of solute-associated and bulk solvent as “additives” are also demonstrated for several
material systems. Considering calcium sulphate, solvent polarity, i.e., its water-withdrawing ability,
has a direct bearing on the polymorph selection of bassanite and gypsum [49]. For organic crystals, the
solvent composition also determines the selective nucleation of polymorphic forms [50]. For oriented
attachment processes, the solvent modulates interactions with organic ligands and also provides
a certain degree of particle movement that enables co-orientation and coalescence [31,51–54]. Thus the
solvent phase commonly affects nucleation and crystallization processes as well as the subsequent
material properties including crystallography, morphology, and polymorph.

In view of certain co-solutes modulating molecular hydration and also the significant contributions
of solvent parameters towards nucleation and crystal growth, the aim of this study is to understand,
“Do chaotropes and kosmotropes affect mineral nucleation?” For this purpose, small molecules
typically classified as chaotropes and kosmotropes are quantitatively evaluated as additives during the
nucleation of CaCO3. The additives tested are betaine, ectoine, trehalose, sorbitol, mannitol, glycine,
urea, thiourea, and guanidium. With reports of the stereoisomers of mono- and oligo-saccharides
in chaotropic and kosmotropic behavior [55], D- and L-forms of sugars are also investigated.
The analytical approach involves potentiometric titrations performed by dosing calcium chloride
into a solution of an additive dissolved in carbonate buffer. During the course of the experiment,
the pH is kept constant by the counter-titration of a base. Similar experiments have been previously
performed to assess the effects of diverse additives including synthetic polymers [26], biomolecules
such as amino acids [56], carbohydrates, polysaccharides [57,58], proteins [59], and peptides [60] as
well as inorganic species such as silica and magnesium [61–64]. By employing ion-selective electrodes
and precise reaction conditions, the diverse roles of additives on different aspects of mineral nucleation
including the stability of PNCs, inhibition or promotion of nucleation, and the nature of the nucleated
phase are demonstrated.

2. Results

2.1. On Kosmotropes and Chaotropes

Dataset analyses for the time developments of free Ca2+ ion and pH are performed as described in
previous literature [28,56,57]. For titrations performed in carbonate buffer, the detected free Ca2+ ion
concentration increases linearly with time at a rate significantly lower than that of Ca2+ ion addition
to water. This is due to the association of Ca2+ ions and carbonate species that result in diminished
detected free Ca2+ ion contents [28]. The linear slope corresponding to the pre-nucleation regime
describes the formation and stability of PNCs. A lower slope indicates an equilibrium shift towards
cluster-associated Ca2+ ions i.e., bound Ca2+ and vice versa. For example, the evolution of free Ca2+

ions as well as the added base contents to maintain constant pH in absence or presence of different
additives are represented in Figure 1. The constant pH level is required to quantitatively compare
the effects of the chao-/kosmotropic additives during the early stages of calcium carbonate formation
because it ensures a constant carbonate/bicarbonate ratio and removes corresponding, otherwise
disturbing effects on supersaturation and ionic speciation.
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Figure 1. Developments of (A) free Ca2+ ions and (B) added NaOH contents for titrations performed 
at pH 9.75 in absence of additives (black) and the presence of either 10 mM urea (red) or trehalose 
(blue) in relation to the total Ca2+ ion contents. Zones shaded grey represent ±1 standard deviation for 
triplicate experiments. (A) The dotted line represents the development of total amount of Ca2+ ions 
dosed into the buffer. 

As examples of kosmotropes and chaotropes in the field of cellular stress biology [65], the effects 
of trehalose and urea are compared to reference experiments at pH 9.75. These additives do not 
influence the time required for mineral nucleation but do significantly affect the equilibrium between 
free and carbonate-associated Ca2+ ions, as evident from the slope in the prenucleation regime before 
the sudden Ca2+ concentration drop upon nucleation. From Figure 1A, it is evident that trehalose 
leads to free Ca2+ ion contents higher than those in the reference experiments. On the other hand, urea 
stabilizes ion-clusters, presenting significant lower amounts of free Ca2+ ions. These observations are 
also reflected by the amount of base required for maintaining constant pH conditions (Figure 1B). 
This amount indicates the carbonate ions bound in the different stages of the experiment [28]. For 
instance, urea, as an effective stabilizer of ion-clusters, necessitates larger quantities of base solutions 
to maintain constant pH conditions. The stronger and weaker binding in presence of urea and 
trehalose, respectively, is seen in two independent measurements (calcium ion selective electrode 
and pH titration), and thus, the effect of the additives cannot be an effect of specific electrode artifacts. 
Therefore, given its sensitivity and quantitative nature, this methodology is suitable for addressing 
the effects of small organic molecules on mineral nucleation. 

Figure 2A represents the slopes of the pre-nucleation regime in the absence and presence of 
additives at pH 9.0 and 9.75. Trehalose, sorbitol, ectoine, mannitol, and betaine induce increases in 
the pre-nucleation slope in comparison to the relative reference experiments at both pH values. At 
pH 9.0, this corresponds to percentage increases of about 87, 44, 29, 26, and 20%, respectively. At 
higher pH (9.75), these effects are more pronounced, leading to corresponding increases of about 41, 
56, 66, 109, and 39% in the pre-nucleation slope. In this regard, trehalose and mannitol suppress ion-
association and are effective pH-dependent destabilizers of PNCs. In view of the pre-nucleation 
regime, opposite outcomes are elicited by chaotropes. This is evident from the decreased slope of the 
pre-nucleation regimes corresponding to 30, 22, and 14% in presence of urea, guanidium and 
thiourea, respectively at pH 9.75. These effects are diminished at pH 9.0, however, urea retains its 
effect as a PNC stabilizer at pH 9.0 and 9.75. In view of the observed equilibrium shifts between free 
and bound ion species, the distinct bicarbonate and carbonate ratio appear to impart a pH-dependent 
physicochemistry to the PNCs, thus consequently determining additive-ion and –ion cluster interactions. 

Figure 1. Developments of (A) free Ca2+ ions and (B) added NaOH contents for titrations performed
at pH 9.75 in absence of additives (black) and the presence of either 10 mM urea (red) or trehalose
(blue) in relation to the total Ca2+ ion contents. Zones shaded grey represent ±1 standard deviation for
triplicate experiments. (A) The dotted line represents the development of total amount of Ca2+ ions
dosed into the buffer.

As examples of kosmotropes and chaotropes in the field of cellular stress biology [65], the effects
of trehalose and urea are compared to reference experiments at pH 9.75. These additives do not
influence the time required for mineral nucleation but do significantly affect the equilibrium between
free and carbonate-associated Ca2+ ions, as evident from the slope in the prenucleation regime before
the sudden Ca2+ concentration drop upon nucleation. From Figure 1A, it is evident that trehalose
leads to free Ca2+ ion contents higher than those in the reference experiments. On the other hand,
urea stabilizes ion-clusters, presenting significant lower amounts of free Ca2+ ions. These observations
are also reflected by the amount of base required for maintaining constant pH conditions (Figure 1B).
This amount indicates the carbonate ions bound in the different stages of the experiment [28].
For instance, urea, as an effective stabilizer of ion-clusters, necessitates larger quantities of base
solutions to maintain constant pH conditions. The stronger and weaker binding in presence of urea
and trehalose, respectively, is seen in two independent measurements (calcium ion selective electrode
and pH titration), and thus, the effect of the additives cannot be an effect of specific electrode artifacts.
Therefore, given its sensitivity and quantitative nature, this methodology is suitable for addressing the
effects of small organic molecules on mineral nucleation.

Figure 2A represents the slopes of the pre-nucleation regime in the absence and presence of
additives at pH 9.0 and 9.75. Trehalose, sorbitol, ectoine, mannitol, and betaine induce increases in the
pre-nucleation slope in comparison to the relative reference experiments at both pH values. At pH 9.0,
this corresponds to percentage increases of about 87, 44, 29, 26, and 20%, respectively. At higher pH
(9.75), these effects are more pronounced, leading to corresponding increases of about 41, 56, 66, 109,
and 39% in the pre-nucleation slope. In this regard, trehalose and mannitol suppress ion-association
and are effective pH-dependent destabilizers of PNCs. In view of the pre-nucleation regime, opposite
outcomes are elicited by chaotropes. This is evident from the decreased slope of the pre-nucleation
regimes corresponding to 30, 22, and 14% in presence of urea, guanidium and thiourea, respectively at
pH 9.75. These effects are diminished at pH 9.0, however, urea retains its effect as a PNC stabilizer at
pH 9.0 and 9.75. In view of the observed equilibrium shifts between free and bound ion species, the
distinct bicarbonate and carbonate ratio appear to impart a pH-dependent physicochemistry to the
PNCs, thus consequently determining additive-ion and –ion cluster interactions.
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Figure 2. Bar plots representing the early stages of CaCO3 nucleation in terms of the (A) pre-nucleation 
slope, (B) time required for nucleation and (C) solubility of initially nucleated phase at pH 9.0 (left) 
and 9.75 (right) in the presence of kosmotropic (blue) and chaotropic (red) additives and also in 
reference (Ref, gray) experiments. Error bars depict ± one standard deviation and corresponding 
values for reference experiments are shaded (orange). 

The effects of the small molecules on the time required for mineral nucleation are represented in 
Figure 2B. As introduced in previous studies [56,57], we apply a scaling factor (F) defined as the 
quotient of the average nucleation time in presence of an additive and that of the corresponding 
reference. At pH 9.75, several additives exhibit F values close to unity viz. no observed effect on 
nucleation time. As exceptions, glycine and guanidine inhibit nucleation, with corresponding F 
values of 1.03 and 1.1 at pH 9.0 and 1.2 and 1.6 at pH 9.75, all respectively. Previously, the inhibition 
of nucleation was attributed to the colloidal stabilization of nanoscopic precursors against 
aggregation [61], but it might also be related to an influence of the additives on the size of pre-
nucleation clusters [66]. In either case, the increasing extent of inhibition at higher pH might suggest 
the involvement of electrostatic interactions driven by pH-related additive speciation. In the case of 

Figure 2. Bar plots representing the early stages of CaCO3 nucleation in terms of the (A) pre-nucleation
slope, (B) time required for nucleation and (C) solubility of initially nucleated phase at pH 9.0 (left) and
9.75 (right) in the presence of kosmotropic (blue) and chaotropic (red) additives and also in reference
(Ref, gray) experiments. Error bars depict ± one standard deviation and corresponding values for
reference experiments are shaded (orange).

The effects of the small molecules on the time required for mineral nucleation are represented
in Figure 2B. As introduced in previous studies [56,57], we apply a scaling factor (F) defined as the
quotient of the average nucleation time in presence of an additive and that of the corresponding
reference. At pH 9.75, several additives exhibit F values close to unity viz. no observed effect
on nucleation time. As exceptions, glycine and guanidine inhibit nucleation, with corresponding
F values of 1.03 and 1.1 at pH 9.0 and 1.2 and 1.6 at pH 9.75, all respectively. Previously,
the inhibition of nucleation was attributed to the colloidal stabilization of nanoscopic precursors against
aggregation [61], but it might also be related to an influence of the additives on the size of pre-nucleation
clusters [66]. In either case, the increasing extent of inhibition at higher pH might suggest the
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involvement of electrostatic interactions driven by pH-related additive speciation. In the case of glycine,
this is supported by the predominance of its base form above pH 9.5 (Figure S1). The inhibitory effects
introduced by these molecules are small, in comparison to those in the presence of polymeric additives
such as poly(acrylic acid), poly(aspartic acid), carboxymethyl cellulose, and heparin [25,26,56,57].
Certain small molecules promote mineral nucleation at pH 9.0. The corresponding F values presented
by kosmotropes such as betaine, ectoine, and mannitol are 0.76, 0.77, and 0.78. It is intriguing that
although minor, a nucleation promoting effect is induced by these small molecules. A similar effect is
noted in the presence of D-arabinose, D-galactose, and sucrose [57]. In the scope of this study, the exact
reasons underlying the weak nucleation promoting effect cannot be identified. However, we speculate
that the promotion of mineral nucleation is related to the liquid–liquid phase separation, during which
PNCs become nanodroplets that can subsequently yield either ACC or crystalline particles.

Potentiometric titrations also elucidate the nature of mineral products [26,28]. The estimated
solubility products of the nucleated CaCO3 phase are depicted in Figure 2C. Overall, the kosmotropes
and chaotropes lead to the formation of more and less stable phases after nucleation in relation to
reference experiments, respectively. The reference experiments present solubility product values
of 3.0 × 10−8 and 3.8 × 10−8 M2 after nucleation at pH 9.0 and 9.75, in agreement with previous
reports within experimental accuracy [28,56,57]. As a general trend, mineral products nucleated in
the presence of kosmotropes viz. betaine, ectoine, trehalose, sorbitol and mannitol exhibit solubility
products higher than those of the reference experiments. The most soluble mineral products are formed
in presence of trehalose and mannitol corresponding to mean values of 5.4 × 10−8 and 7.4 × 10−8 M2

at pH 9.0 and 9.75, respectively. On the other hand, urea, thiourea, and guanidine induce less soluble
mineral products. At pH 9.0, the corresponding average values of the solubility product are between
2.4 × 10−8 and 2.7 × 10−8 M2 indicating the presence of a crystalline polymorph (possibly vaterite).
At pH 9.75, these values range between 2.8 × 10−8 and 3.2 × 10−8 M2, which are lower than the
solubility product of mineral particles nucleated in reference experiments (3.8 × 10−8 M2). This reflects
the presence of either a relatively short-lived amorphous product or a phase with lower solubility (such
as proto-calcitic ACC or vaterite), which are distinct from the proto-vaterite ACC phase produced in
the reference experiment at pH 9.75 [38]. Thus, kosmotropes and chaotropes have distinct influences
on the solubility product of the mineral phase nucleated.

In order to explore possible relations between the observed effects of additives on mineral
nucleation and their activity as promotors or disruptors of macromolecular conformation, a scatter
plot for the pre-nucleation slopes, which indicate the amount of formed PNCs (the lower the
slope the more PNCs are formed) and post-nucleation solubility products is presented (Figure 3).
Additives that induce equilibrium shifts towards ion-association, also stimulate the formation of
nucleated phase with lower solubility values. This relation has been previously identified with
respect to conditions of pH and also in the presence of certain additives [28,67,68]. The applied color
scheme represents a chao/kosmotropicity scale based on a previous systematic study wherein (i)
chaotropes are defined as solutes that induce conformational disorder in macromolecules by either
weakening water-macromolecule interactions or associating non-covalently with macromolecules and
(ii) kosmotropes are solutes that preferentially hydrogen bond with water molecules and promote
intermolecular interactions [69]. Within the scope of this definition, the effects of the chaotropes
on mineral nucleation might be due to direct interactions with ions and ion-cluster species. On the
other hand, the kosmotropes suppress ion-association and promote nucleation products with higher
solubilities on account of the changes in the hydration state of the inorganic species. In validation
of the findings that additive-controlled equilibrium shifts towards ion-association also stimulate the
nucleation of mineral phases with lower solubility values (Figure 3), gas-diffusion mineralization
experiments are performed (Figure S2). Ectoine and betaine lead to the formation of a mixture
of crystalline polymorphs, including calcite and vaterite. On the other hand, guanidine and urea
predominantly produce calcite. It is important to consider that the experimental observations are
consistent with the original use of terms “chaotrope” and “kosmotrope,” as previously discussed [3,69],
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and also that the chao-/kosmotorpic activities of salts and organic molecules can considerably deviate
in solution mixtures. This discrepancy can originate from the non-additive effects of salts and organic
molecules in inducing a net kosmotropic or chaotropic effect. For instance, simulated martian brine
solutions are predominantly kosmotropic despite being constituted with chaotropic salts such as
chlorides of iron and magnesium [70].
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Figure 3. Scatter plots representing slopes of the pre-nucleation regime and corresponding solubility
products of phases formed after nucleation at (A) pH 9.0 and (B) 9.75 in reference (black) and
additive-containing (colored) titrations. The color scale represents the relative chao(C)-/kosmotropic(K)
activities of guanidine, urea, mannitol, sorbitol, trehalose, glycine, betaine, and ectoine as determined
by systematic studies on agar gelation [69]. Error bars depict ± one standard deviation.

2.2. On Sugar Stereoisomers

In order to examine possible contributions from a model that proposes solute-induced
perturbations of the bulk structure of water, we investigate the effects of four sugar enantiomer
pairs. The model suggests that liquid water consists of rapidly exchanging high and low density
micro-domains, and the equilibrium between these domains can be altered by dissolved solutes [18,55].
This is supported by distinct elution profiles for glucose enantiomers, suggested to involve
micro-domain equilibrium shifts, wherein the bioactive enantiomer prefers a less dense aqueous
environment and L-glucose favors a more dense water state [55]. Based on this hypothesis, the
individual enantiomers are expected to have distinct effects on nucleation independent of solution
pH. However, at pH 9.75, L-glucose stabilizes PNCs and leads to thermodynamically more stable
nucleation products (Figure 4). In relation, D-glucose induces no significant effects on the nucleation
of CaCO3 particles. At lower pH, the effects of L-glucose are minor relative to those at pH 9.75.
Under kinetically controlled mineralization, both enantiomers produce calcite as the predominant
mineral polymorph (Figure S2). In light of these results, a pH-independent perturbation to the bulk
solvent structure by the enantiomeric additives is not validated or is too weak and eclipsed by direct
interactions to have observable effects on mineral nucleation.
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For these additives, the distinct effects of the D and L isomers on mineralization at pH 9.75 are 
relatively nullified at pH 9.0 (Figure 4). For instance, D-galactose and D-fructose stabilize PNCs and 
induce nucleation products with lower solubilities relative to the reference experiments, specifically 
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Figure 4. Bar plots representing the early stages of CaCO3 nucleation in terms of the (A) pre-nucleation
slope, (B) time required for nucleation, and (C) solubility of initially nucleated phase at pH 9.0 (left) and
9.75 (right) for additive-containing and reference (Ref) experiments. The acronyms indicate fructose
(Fru), glucose (Glu), galactose (Gal), and mannose (Mann) in D (red) and L (blue) forms. Error bars
depict ± one standard deviation. Error values for reference experiments are shaded (orange).

Similar trends are noted for three sugar enantiomers, namely fructose, galactose and mannose.
For these additives, the distinct effects of the D and L isomers on mineralization at pH 9.75 are relatively
nullified at pH 9.0 (Figure 4). For instance, D-galactose and D-fructose stabilize PNCs and induce
nucleation products with lower solubilities relative to the reference experiments, specifically at pH 9.75.
Therefore, the effects of sugars on mineralization cannot be absolutely associated with either the D or L
enantiomeric forms but are also determined by pH-dependent parameters such as the CO3

2−:HCO3
−

ratio and the additive conformation. Conditions of pH can alter the chemical nature of ion-clusters and
the subsequent interactions between additives and mineral precursors [68,71]. Therefore, the selective
trends of mineral nucleation are likely due to direct interactions with mineral species and associated
hydration rather than perturbations to the bulk water phase.
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3. Discussion

This study identifies the distinct trends of the early stages of precipitation of calcium carbonate
in the presence of small molecules, classified on their chao/kosmotropic nature and stereochemistry.
Bearing in mind the similar size regimes but distinct physicochemistry of ion-associates and
macromolecules, the following mechanisms are proposed for the additive-controlled nucleation process.
First, the destabilizers of ion-association, such as betaine and ectoine, are possibly excluded from
the hydration shells of ion-clusters. Since ion association of CaCO3 PNCs is driven by the release
of hydration waters [29], stabilized hydration shells would have adverse effects. Indeed, molecular
dynamics simulations reveal that ectoine is preferentially excluded from macromolecular surfaces,
leading to a dense hydration layer [72]. During the early stages of mineralization, similar interactions
might suppress dehydration processes related to ion-association and their aggregation/coalescence
toward mineral precursors with a larger degree of structural order (Figure 5A). Certain polyalcohols
such as mannitol and sorbitol also destabilize PNCs and lead to more soluble nucleation products,
relative to the reference experiments. The polyalcohols lead to pronounced destabilization of PNCs in
comparison to the sugars, possibly due to the conformational flexibility originating from the lack of
a constraining ring structure. Substantial increases in the surface tension of water by polyalcohols also
lead to a preferential hydration of biomolecular co-solutes [73,74]. Similar interactions might apply
to the formation of PNCs and other transient mineral phases in the presence of polyalcohols, during
which dehydration reactions underlying the maturation of mineral precursors are inhibited to a certain
extent. Among the kosmotropes tested, trehalose is the most potent in suppressing ion-association.
A possible explanation is the property of trehalose molecules in effectively forming hydrogen bonds
with water molecules distributed homogenously in the solvent [75,76]. Therefore, in addition to
increased surface tension of the solvent, the ion species weakly associated with trehalose are possibly
also broadly distributed in the solvent and inhibited against ion-association.

An interesting observation is the promotion of nucleation (F < 1.0) in the presence of certain
kosmotropes and sugars. The observed effects might be due to an interference with the liquid-liquid
demixing and dehydration processes involved in particle nucleation and affecting its kinetics [33,77–79].
The free energy change of solvation involves contributions from the formation of the cavity, which
the solute occupies, and solute-solvent interactions (van der Waals and electrostatic) [80], expressed
as follows:

δ(∆G0)solvation = δ(∆G0)cavitation + δ(∆G0)vW + δ(∆G0)elec

This equation shows that kosmotropic additives that generally lower the solubility of solutes
(salting out) suppress the formation of solvent cavities (first term in the above equation), and/or
unfavorably affect the solute-solvent interactions (second and third term). Either effect could render
liquid-like mineral precursors relatively more transient in presence of these additives by promoting the
dehydration of inorganic liquid-like intermediate, thereby accelerating the nucleation of solid particles
in a minor but occasionally detectable manner (this observation is not general for kosmotropes).

Considering the stabilizing effects of chaotropes toward PNCs, their influence is likely due to
direct interactions with the inorganic species (Figure 5B). Previous investigations show that urea
binds to the hydrophilic surfaces of proteins and stabilizes non-native conformations by usurping
hydrogen bonds with hydrophilic surfaces [81]. The basis for this surfactant-like action of chaotropes
is enthalpy driven and related to changes in interfacial energies and hydrophobic interactions [81–84].
On similar lines, as polar nonelectrolytes, urea, thiourea and guanidine possibly capture the PNCs
and serve as a “molecular glue” between the ion-clusters. This proposed mechanism is supported
by the crystal structure of an urea derivative, wherein hydrogen-bond interactions with carbonate
species involve two NH···O bonds [85]. Such interactions can potentially promote ion-association
and shift the equilibrium towards stable clusters, subsequently yielding nucleation products that are
thermodynamically more stable (Figure 2).
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In view of these nucleation and mineralization studies (Figure 3, Figure S2), the accumulation
of the compensatory kosmotropes such as trehalose and ectoine by halophilic microbes might serve
as a means to suppress intracellular ion-association and mineral nucleation processes detrimental to
survival of the organisms. Such effects may be enhanced by molecular crowding i.e., high cytosolic
accumulation of these additives [86]. In this regard, the interactions between macromolecules and
ions or ion-clusters are relevant toward defining the geochemical boundary conditions for life and
predicting planetary habitability [69,87]. Such investigations indicate the non-additive nature of net
chaotropic and kosmotrophic effects of solution mixtures of diverse salts and organic molecules.
These might have crucial contributions during additive-controlled mineralization processes.

We also show that the role of chirality is not limited to crystal growth but also encompasses
mineral nucleation. Previous studies show that calcite crystals grown in the presence of either L or D
aspartic acid present asymmetry associated with the distribution of crystal steps and terraces [88,89],
and even the CaCO3 polymorph could be controlled by the chirality of an interacting amino
acid [90]. The amplification of these interactions at macroscopic length scales is demonstrated by
the distinct chirality of vaterite toroids and the helicity of potassium dichromate crystals tuned by
the enantiospecificity of amino acids [91,92]. In view of mineral nucleation, we show that the sugar
enantiomers present distinct interactions with mineral precursors and as a consequence affect the
nucleation process in a pH-dependent manner. Thus with the distinct effects of amino acid and sugar
enantiomers on mineral formation and growth, Lewis Carrol’s allusion to the consequences of chirality
“Perhaps looking-glass milk isn’t good to drink” stands affirmed [93,94].

In summary, this systematic study explores the effects of small organic molecules on mineral
nucleation. Additive-controlled mineralization is often represented as a two-component system
involving the inorganic phase and the additive species, the solvent properties often being
underrepresented. However, the contributions of solvophobic forces and weak interactions between
the solvent molecules, additives, and material building units also appear crucial. It should be noted
that PNCs are chemically distinct with highly dynamic configurations in comparison to the relative
structural organization and rigidity of macromolecules. Therefore, future studies addressing the
hydration dynamics during ion-association and phase transformation will certainly further elucidate
the solvent phase as an active participant in nucleation and crystallization phenomena.

4. Materials and Methods

For the mineralization studies, the chemicals used are calcium chloride (1 M solution, Fluka,
Happague, NY, USA), hydrochloric acid (1 M solution, Merck, Darmstadt, Germany,), sodium
hydroxide (0.01 M, Alfa Aesar, Karlsruhe, Germany; 1 M, Merck, Darmstadt, Germany), sodium
bicarbonate (Riedel de-Haën, Seelze, Germany), sodium carbonate (anhydrous, Sigma-Aldrich,
Taufkirchen, Germany), sodium chloride (VWR Prolabo, Darmstadt, Germany), and ammonium
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carbonate (Acros Organics, Morris Plains, NJ, USA). The additives investigated include betaine
(BioUltra, >99%, Sigma, Deisenhofen, Germany), ectoine (>99%, Sigma-Aldrich), D-(+)-trehalose
from Saccharomyces cerevisiae (>99%, Sigma-Aldrich), D-sorbitol (>99%, Aldrich), D-mannitol (>98%,
Sigma-Aldrich), glycine (>99%, Merck), urea (>99%, Merck), thiourea (>99%, Sigma-Aldrich), and
guanidine (>99%, Sigma-Aldrich). The sugar additives used are D-(-)-fructose (Merck), D-galactose
(≥ 97%, Merck), α-D-(+)-glucose (Sigma-Aldrich, ACS reagent), D-mannose (≥ 98%, Merck),
L-(+)-fructose (>95%, Carbosynth, Compton, Berkshire, UK), L-(-)-galactose (≥ 99%, Carbosynth),
L-(-)-glucose (≥ 99%, Sigma-Aldrich) and L-mannose (≥ 98%, Merck).

Potentiometric titrations are performed with a commercial titration system from Metrohm
(Filderstadt, Germany), in which an apparatus (Titrando 905) controls two dosing units (Dosino
800), operated by a customized software (Tiamo v2.2). A CaCl2 (10 mM) solution is added at a fixed
rate of 0.01 mL/min into 20 mL carbonate buffer (10 mM) containing additive (10 mM) [26,28,95].
Concurrently, the pH is maintained constant by the automatic counter-titration of NaOH (10 mM).
The pH and free calcium contents are monitored by a glass electrode (Metrohm, No. 6.0256.100) and
a Ca2+ ion-selective electrode (ISE, Metrohm, No. 6.0508.110). The ISE calibration is done by titrating
CaCl2 into 20 mL water at constant pH using the aforementioned methodology. All titrations were
performed with stirring at 900 rpm and at room temperature with a minimum of three repetitions.
The pH development and detected Ca2+ contents enable the quantitative evaluations of Ca2+ and
CO3

2− ions that occur in free and in bound states at a given time. Gas diffusion is performed by
exposing solution mixtures containing CaCl2 (10 mM) and additive (10 mM) to ammonium carbonate
vapors in a previously described format [56].

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/10/302/s1,
Figure S1: Simulated speciation of glycine in relation to pH conditions, Figure S2: Representative SEM images of
CaCO3 particles formed via gas diffusion experiments.
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