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ABSTRACT: From recent studies on bone and shell formation,
the importance of polysaccharides in biomineralization
processes is gradually being recognized. Through ion-complex-
ation and self-assembly properties, such macromolecules have
remarkable effects on mineralization. However, their influences
on the different regimes of crystallization including the
interactions with precursor species are unclear. The present
study therefore addresses calcium carbonate mineralization in
the presence of alginates, a class of linear copolymeric
saccharides composed of f-1,4 linked p-mannuronic and L-
guluronic acid. During mineralization, this biopolymer is found
to exert pH-dependent control over mineralization pathways in
terms of the stability of prenucleation clusters, inhibitory effect
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toward nucleation and initially formed postnucleation products. Remarkably in the presence of this macromolecular additive,
either amorphous or crystalline vaterite particles can be selectively nucleated in a pH-dependent manner. This is validated by
electron microscopy wherein vaterite particles are intimately associated with alginate assemblies after nucleation at pH 9.75. At
lower pH, aggregates of amorphous particles are formed. Thus, in addition to the general focus on biochemical properties of
additives, solution pH, a physiologically fundamental parameter significantly alters the scheme of mineralization.

B INTRODUCTION

Biogenic minerals are the outcome of spatiotemporally
regulated biophysical processes such as the transport of ions
and biomolecules, stabilization of intermediate amorphous
mineral precursors, and the deposition of organic—inorganic
hybrid materials.' ~

proteins in these processes; however, polysaccharides have

Several studies have focused on the role of

recently emerged to be important in the regulation of
biomineralization. For instance, proteoglycans such as
chondroitin-, dermatan-, and keratan-sulfate regulate calcium
carbonate (CaCO3) deposition in the crayfish gastrolith.”” The
growth of calcite during eggshell formation is concerted by
dermatan sulfate on mammillae rich in keratan sulfate
glycosaminoglycans.*” Considering the physiologically relevant
organic—inorganic interfaces in bone tissue, evidence shows
direct association of mineral particles with proteoglycans.'’
Interestingly, sugar residues present as protein-associated
glycan chains also prevent mineral-induced protein denatura-
tion by sequestering ion species.'' As the influence of certain
carbohydrates over mineral deposition is gradually being
understood, their fundamental roles in organic—inorganic
interactions require elucidation.
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Given the molecular diversity of carbohydrates, few studies
have addressed their interactions with inorganic precursor
species present during mineralization. Polysaccharide properties
such as functional groups and degree of branching are known to
affect crystal growth and morphology.'”'” For example, a
remarkable inhibitory effect is observed for calcite growth in the
presence of amylopectin, a neutral polysaccharide.'” Recently
the role of mineral precursors such as prenucleation
clusters'*™"® and amorphous phases'’”** in mineralization
has gained attention. To understand the effects of poly-
saccharides on the nascent stages of mineralization, diverse
carbohydrates have also been assayed using a titration-based
approach.”
configuration, sugar stereochemistry, and type of glycosidic
linkage have significant impacts on CaCOj; mineralization. For
example, L-glucose has a stabilizing effect toward prenucleation
clusters, in contrast to its stereoisomer, D-glucose, which has no
significant stabilizing effect. Maltose and trehalose, dimers of -

Seemingly minor properties such as molecular
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glucose that differ in the nature of glycosidic linkages, exhibit
contrasting effects toward prenucleation cluster stability. In
light of these observations, detailed investigations addressing
the fundamental interactions between carbohydrates and
mineral species are required. The present study therefore
investigates the effects of alginates on the early stages of CaCO;
mineralization.

Alginates are linear copolymer polysaccharides composed of
p-1,4 linked p-mannuronic (M) and L-guluronic (G) acids
present in certain algae.”* The M and G units are arranged in a
block-wise manner with homopolymeric M and G blocks
interspaced with alternating MG blocks.”® Species dependent
variations in the ratio and sequence of the M and G units™®
determine the emergent physical properties.”” Alginates are
relevant to mineralization because the G units can interact with
divalent cations such as Ca** and Ba** among others by “egg-
box” binding motifs.”* ">’ At sufficiently high ion concen-
trations, these biopolymers form stable hydrogels via multiple
steps viz. ion complexation, dimerization, and lateral association
of the biomolecules with helical conformations.”** It is known
that hydrogels play an important role in biomineralization like
for example silk hydrogels in the formation of nacre,” but also
in bioinspired mineralization, hydrogels can play a crucial role
as demonstrated for agarose hydrogels.”® Therefore, the
investigation of hydrogel forming polysaccharides like alginates
and their influence on mineralization is especially interesting.

Several investigations using alginates report interesting effects
on crystal growth. These additives modulate crystal growth by
leading to rounded morphologies uncharacteristic of rhombo-
hedral calcite grown in gas diffusion experiments.3> Typically,
alginate induces the formation of vaterite that gradually
transforms to large calcite particles.”® Applying mineralization
conditions with crystal seeds, alginates inhibit vaterite growth
and lead to extensive agglomeration.’® These studies imply a
high affinity of alginate molecules for vaterite. Thus, previous
investigations have addressed the products of mineralization in
terms of shape and polymorph composition. Certain synthetic
polymers such as double-hydrophilic block copolymeric
surfactants also have remarkable effects on CaCO; crystal
formation and morphology.”’~*" Lately, the role of prenuclea-
tion clusters in mineralization is emerging to be significant in
different mineral systems including calcium phosphates,
calcium carbonates, and iron(oxy) (hydr)oxides.15’16’18’2‘)”41’42
The structure and stability of such mineral precursor species as
well as the chemical nature of additives have profound
influences on the properties of postnucleation products
including polymorph selection, superstructure formation, and
nucleation inhibition.””**~** Hence to understand the effects of
biomolecules on mineral formation, techniques to quantita-
tively probe events associated with prenucleation and early
nucleation regimes of mineralization are required.

In this work, commercial alginates and alginates isolated from
brown algae (Lessonia trabeculata and Lessonia nigrescens) are
investigated for their effects on the different stages of CaCOj,
crystallization. Potentiometric titration is applied to provide
quantitative information on nucleation events in bulk volumes
under fine-tuned experimental conditions."® Prenucleation
cluster (PNC) species and other mineral precursors are
particularly sensitive to parameters such as pH, temperature,
and ionic strength,18’45_47further validating the use of this
method. Remarkably, the effects of the alginate additives on
mineralization vary significantly in a pH-dependent manner.
Experiments using electron microscopy including scanning and
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transmission electron microscopy (TEM) and cryo-TEM are
performed to validate these results. Similar observations for the
individually tested alginate additives indicate that solution pH is
an important determinant for interactions between additives
and PNCs as well as the fate of transient mineralization
precursors.

B EXPERIMENTAL SECTION

Chemicals. Milli-Q (EMD Millipore Inc., Billerica, MA USA)
water was used in all experiments unless specified otherwise. Calcium
chloride (CaCl,, Fluka, 1 M volumetric solution) and sodium
hydroxide (NaOH, Alfa Aesar, 0.01 M standard solution) were used
for titration assays. Commercial low and medium viscosity alginic acids
(CAS 9005-38-3) were purchased from Sigma-Aldrich.

Preparation of Alginates. Commercial alginates (S g) were
dissolved in deionized distilled water (1 L) and filtered using
Whatman filter paper (No. 1 and No. 42). The filtrate was precipitated
using cold ethanol at a final concentration of 70% v/v. The precipitate
was washed twice with absolute ethanol. Then the alginate was dried at
45 °C for 24 h, followed by incubation in a desiccator at r.t. for 24 h,
and refrigerated until further use. Purification of alginates from L.
nigrescens and L. trabeculata was done by following an acid
precipitation protocol described previously.*®

Analytical Ultracentrifugation. Sedimentation velocity experi-
ments were performed using a Beckman XL-I ultracentrifuge
(Beckman Coulter Inc., Palo Alto, CA USA) using interference optics
and 12 mm titanium double sector cells (Nanolytics) at 25 °C. The
sedimentation velocity data were analyzed using the software program
SEDFIT version 9.4 (P. Schuck, NIH, Bethesda, Md USA) to generate
sedimentation coefficient distributions.*’

Potentiometric Titrations. Potentiometric titration experiments
were performed by using a titration system (Metrohm GmbH,
Filderstadt, Germany) operated using a software (Tiamo v2.2,
Metrohm GmbH, Germany). During these measurements, the pH
and free Ca®" concentrations were monitored by a flat membrane glass
electrode and a polymer-based ion-selective electrode, respectively.
CaCl, (10 mM) solution was dosed at a constant rate of 0.01 mL/min
to alginate dissolved in carbonate buffer (10 mM, 20 mL), under
constant stirring at 800 rpm. A constant pH was maintained by
automatic counter-titration of NaOH (10 mM). Calibration and
reference experiments were performed by dosing CaCl, (10 mM) into
water and carbonate buffer (10 mM, 20 mL) at different pH values.
These experiments were comprehensively described in the previous
literature."*'®*>5° To investigate the effects of alginates on mineral
growth, titrations were stopped at nucleation and quenched using
absolute ethanol.’' After centrifugation, the pellets obtained were
washed with absolute ethanol and vacuum-dried in a Vacuum
Concentrator Plus (Eppendorf).

Transmission Electron Microscopy. Samples drawn from
titration experiments were deposited on a TEM grid (Cu, Formvar
coated; Ted Pella, Inc., CA USA). A Libra 120 (Zeiss SMT GmbH,
Germany) TEM operated at an acceleration voltage of 120 kV with a
beam current of 4 yA was used for imaging.

Fourier Transformed Infrared Spectroscopy (FTIR). FTIR
analysis of the quenched samples is done using a PerkinElmer
Spectrum100 spectrometer using an attenuated total reflection (ATR)
configuration.

Scanning Electron Microscopy (SEM). SEM analysis was
performed using a desktop Hitachi TM-3000 (Hitachi High-
Technologies Europe GmbH, Germany) equipped with an energy
dispersive detector.

Cryo-Transmission Electron Microscopy (Cryo-TEM). During
the course of titration measurements, samples were prepared by
blotting the drop onto a thin film on a lacey carbon film covered
copper grid and vitrified by liquid ethane at its freezing point (90 K)
by means of a cryo-box (Carl Zeiss Microscopy, Germany). The
vitrified specimens were loaded into a cryo-holder and examined in a
LEO EM9220mega EFTEM (Carl Zeiss Microscopy, Germany).
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Figure 1. Bar plots representing the effects of alginates in terms of changes to the (A) time required for nucleation, (B) prenucleation slope, and (C)
solubility of initially nucleated phase in comparison with reference titrations at pH 9.0 and 9.75. The x-axis represents four alginates (commercial low
viscosity, L; medium viscosity, M; and those isolated from L. nigrescens, N; L. trabeculata, T) at 10, 20, and 40 mg/L.

Images were recorded with a high-resolution, cooled CCD camera
using the Gatan Digital Micrograph software package.

Gas Diffusion Assay. Crystallization experiments were performed
in the presence of alginates using gas diffusion, the details of which are
described previously.”> Control experiments were performed in
absence of alginates. The CaCO; crystals thus obtained were rinsed
with Milli-Q water, dehydrated with growing concentration of ethanol
from 50% to 100%, and finally dried at room temperature. The
samples were analyzed using SEM.

B RESULTS AND DISCUSSION

Investigating Mineral Nucleation in the Presence of
Alginates. Potentiometric titration is an ideal technique to
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quantitatively probe the effects of additives on the early stages
of mineralization”**. These experiments help to elucidate the
formation and structure of PNCs and their subsequent effects
on nucleation. By using small biomolecules as mineralization
additives during titration, properties such as stereochemistry,
polarity, the presence of Ca®* binding sites, and the type of
glycosidic linkages are found to significantly affect mineraliza-
tion."" More complex biomacromolecules such as sea urchin
and nacre-derived proteins also have distinct effects on the early
stages of CaCO; formation.”” In addition, the applications of
this technique in understanding other mineralization systems as
well as quantitatively assessing anti-scalants and other additives
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underscore its merits in studying nucleation phenom-
ena, | 516425358

In the present study, potentiometric titrations are used to
analyze the interactions between the alginates and ions/
prenucleation clusters, inhibitory effects toward nucleation, and
the initial products formed postnucleation. The sedimentation
coefficient distributions for the four alginate samples
investigated here present single peaks indicating homogeneous
sample compositions of comparable molar mass distributions
(Figure S1 and Table S1). Titrations containing different
alginate contents are conducted at constant pH values of 9.0
and 9.7S. Plots illustrating the development of free Ca** ions
and solubility products are presented in the Supporting
Information (Figures S2—S5). The data are summarized as
bar plots representing the differences between alginate-
containing and reference titrations (Figure 1). The time
periods required for initial nucleation of a solid mineral phase
in the presence of alginates are summarized in Figure 1A. Here
we apply a scaling factor F, the quotient of the nucleation times
in the presence and absence of an additive to compare
inhibitory effects toward nucleation.””>> F values lower or
greater than unity indicate the tendency of additives to promote
or inhibit nucleation, respectively. A more pronounced
inhibition toward nucleation is clearly evident at pH 9.0
wherein an average F value of 1.85 + 02 is observed in
comparison to a corresponding value of 1.19 + 0.1 at pH 9.75
(estimated for nucleation times in titrations with 40 mg/L
alginate). At pH 9.0, the general trend is that the inhibition
increases with the alginate concentration, but this trend is not
found at pH 9.75. Complexation of Ca®* ions is indicated by
minor offsets in the development of free ion concentration
during the prenucleation regimes for titration at both pH
values. However, considering the distinct pH-dependent
inhibitory effects of the additives, Ca** ion complexation
alone cannot explain this behavior. The pK, of carboxylate
groups in the sugar residues comprising alginate chains is about
3.5. Hence these groups would be predominantly anionic and
expected to not exhibit a significant variation in the
deprotonated form for carboxylate groups at pH 9.0 and
9.75. These observations indicate that the inhibition of
nucleation in the presence of additives cannot be solely
attributed to ion complexation. Previous studies indicate that
the interactions of additives with precursor mineral species such
as PNCs can modulate the time needed for nucleation. For
example, the stoichiometry of Ca®* binding in the presence of
poly(acrylic acid) does not completely account for its inhibitory
effect toward CaCO, nucleation.”” Further evidence comes
from the delay of nucleation induced by amino acids such as
glycine, serine, and methionine as well as certain saccharides
including p-ribose, which are small molecules with poor ion-
complexation properties.”’ Although the physical interactions at
the molecular scale leading to these distinct effects are unclear,
pH related factors such as the ratio of carbonate-bicarbonate
ions and proto-structures of mineral precursors can affect the
interactions between additives and mineral precursors."**" In
addition to solution pH being a factor affecting nucleation time,
the inhibitory behavior of alginates is also dependent on
additive concentration. For example, 10 and 40 mg/L low
viscosity commercial alginate lead to respective F values of 1.4
and 2.0 at pH 9.0. Similar trends are observed in the presence
of other alginate additives.

The slope of the prenucleation regime in plots of free Ca**
ion concentrations reflects the interactions between additive
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molecules and solute ion associates, i.e, PNCs.'8* A steeper
slope in comparison to reference experiments indicates an
equilibrium shift toward free ions and less bound calcium,
whereas a lower sloépe reflects cluster stabilization effects
induced by additives.'"®** The values of this parameter in the
presence of alginates are presented in Figure 1B. The pH-
dependent effects on the prenucleation regime are distinct. At
pH 9.0, most alginates exhibit a destabilizing effect toward
CaCO; PNCs. Highest destabilization of clusters is induced by
L. trabeculata alginate reflected by a 60% increase in the slope
relative to reference experiments, whereas low viscosity alginate
induced cluster destabilization at pH 9.0 is less pronounced.
Thus, molecular properties such as molar mass, ratio, and
sequence of the M and G units as well as self-assembly states>”
appear to affect the thermodynamic stability of ion clusters. At
higher pH, the prenucleation regimes display lower slope for all
alginates in comparison to reference experiments. These
biomolecules induce stabilization of PNCs in remarkable
contrast to their effects at pH 9.0 (Figure 2). At pH 9.7, the
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nfree (M)

2.0x107°

0.0

0 10000 20000
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Figure 2. Development of free Ca®" ions with time at pH 9.0 (black)
and pH 9.75 (gray) in reference (continuous line) and low viscosity
alginate (dashed line) containing titrations. Inset shows a
representation of the linear structure of alginate with f-p-mannuronic
acid (M) and a-L-guluronic acid (G) residues with f-1,4 linkages.

decrease in the prenucleation slope is highest in the presence of
low viscosity alginate. Medium viscosity alginates and the
alginates isolated from Lessonia species induce intermediate
effects toward the decrease in the prenucleation slope. Previous
studies show that molecular properties of sugar residues can
significantly affect the early stages of mineralization.”*> However,
the changes in such molecular factors are generally insignificant
between pH 9.0 and 9.75. Bearing in mind the inorganic phase,
transient mineral species are significantly affected by solution
pH.>! It emerges that the nature of organic interfaces with
nascent mineral precursor species is crucial in determining the
early mineralization events. However, investigating the
interactions between additives and transient mineral precursors
is challenging because of the transient nature of amorphous
phases as well as their sensitivity to experimental conditions
such as pH, temperature, ionic strength, solvents, and electron
irradiation,' %6061

Recent evidence suggests that the pH-dependent stabilities of
PNCs can affect subsequently formed phases after nuclea-
tion.'®"? It follows that additives which affect the slope of the
prenucleation regime also influence the solubility products of
the initially nucleated phases, i.e., regulate polymorphism.'®*>**
In this study, alginates induce a pH related destabilizing or
stabilizing effect on CaCO; PNCs (Figure 1C). This also has a
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corresponding influence on the polymorph of CaCOj initially
nucleated. In agreement with previous literature, reference
titrations yield values of solubility products 3.1 X 107% and 3.8
X 1078 M? at pH 9.0 and 9.75, respectively.'® With alginates at
pH 9.0, the solubility products of the initially nucleated phase
are in the range of 3 X 10™® and 4.5 X 107 M These values
indicate the formation of amorphous CaCO; (ACC) phases
after nucleation. An exception is the nucleation of vaterite (1.8
X 107® M?) in the presence of 10 mg/L low viscosity alginate.
However, this is also consistent with a decrease in the
corresponding prenucleation slope. At pH 9.75, the additives
induce formation of vaterite, a crystalline form a CaCOj after
nucleation. The corresponding postnucleation products of
solubility are between 2.0 X 107® and 2.9 X 10~ M? and are
considerably lower than that of ACC.” Note that similar effects
are observed for all alginate additives at pH 9.75. This validates
the notion that more stable PNCs nucleate solid phases that
have higher stability,"” although it appears that the solubility of
the ACC intermediate that occurs under these conditions (see
below) cannot be quantified owing to its transient character. To
better understand the distinct mineralization schemes at
different pH values and the interactions between biomolecules
and mineral precursors, electron microscopy experiments are
performed for titration products in the presence of low viscosity
alginates.

Analyzing the pH Dependence of Nucleation Behav-
ior. Initial analyses of the titration products obtained at pH 9.0
and 9.75 are done using SEM (Figure 3). At low magnification,

pH 9.75

Figure 3. SEM images of products nucleated from titrations containing
40 mg/L low viscosity commercial alginate at pH 9.0 and 9.75. Scale
bars represent (A) 500, (B) 100, and (C) 20 ym. Insets in row (A)
represent EDS derived calcium localization (purple) maps.

the particles precipitated at pH 9.0 exhibit uniform contrast. In
comparison, fibrous aggregates with granular appearance and
areas distinct in contrast are observed at pH 9.7S5. Energy-
dispersive X-ray spectroscopy indicates overall similar contents
of calcium, carbon, and oxygen in these samples (Figure S6).
However, elemental mapping shows local sites with significantly
higher calcium content for samples nucleated at pH 9.75
(Figure S7). At higher magnification, the structural features are
more distinct (Figure 3B,C). Low-viscosity alginate-containing
titrations conducted at pH 9.0 show continuous, coarse surfaces
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indicative of porosity. On the other hand, calcium-rich mineral
particles are associated with the alginate aggregates at pH 9.75.
These lens-like particles are previously reported for alginate-
containing gas diffusion experiments.”” SEM and TEM images
of alginate samples in the absence of mineralization show
distinct structures with a nano- and microporous nature (Figure
S8). To further investigate the sample compositions, FTIR
spectra are measured after solvent-exchange mediated quench-
ing for the stabilization of possible amorphous phases. The
FTIR spectra for samples from titrations conducted at pH 9.0
and 9.75 are presented in Figure S9. In the presence of alginates
(40 mg/L) at pH 9.0, a significant band characteristic of ACC
(v,) is observed at 862 cm™. Bands at 1075 and 725 cm™! also
correspond to the v, and v, vibrational modes of proto-
structured pc-ACC.”” Similar spectra are observed for reference
experiments conducted at pH 9.0. At pH 9.75, the spectra for
alginate containing and reference samples significantly differ.
The reference spectra exhibit bands at 721, 864, and 1072 cm™
typical of ACC. This is consistent with previous literature.>'
However, the FTIR spectra of samples prepared in the presence
of alginates at pH 9.75 indicate significant deviation in the
mineral composition. Bands present at 744 (v,), 871 (v,), and
1085 (v;) cm™ validate the formation of vaterite, consistent
with the results of potentiometric titration assays. Thus,
alginates promote the formation of crystalline CaCOj at higher
pH values.

The interactions between alginates and inorganic species at
the submicron length scales are investigated using TEM.
Analyses of samples from titrations at pH 9.0 indicate
aggregates of particles that are polydisperse, about 30—100
nm in size (Figure 4A—C). SAED patterns indicate the
amorphous nature of the aggregates. Amorphous fibril-like
structures may correspond to alginate assemblies (arrow, Figure
4C). At pH 9.75, particles with high contrast are observed in
association with a fibrillar network of alginates (Figure 4D).
These particles show two distinct regions having a dense
structure (~1 pm in size) surrounded by smaller nanoparticles
(~40 nm). The SAED pattern corresponding to the compact
regions is typical of single crystalline vaterite with reflections at
d values at 3.34, 2.75, 2.34, and 1.88 A corresponding to {113},
{116}, {122}, and {036} faces (Figure 4F). The nanoparticles
in proximity of the vateritic structures however are amorphous.
The evasion of this phase in potentiometric titration and FTIR
spectra indicates its short-lived nature and a possible role as a
precursor to crystalline CaCOj, vaterite. The nature of mineral
products from reference and alginate-containing solutions is
consistent with the titration experiments considering the
initially nucleated phases at respective pH values. To avoid
artifacts due to sample drying, cryo-TEM experiments were
performed.

Samples drawn during the progression of titration experi-
ments at pH 9.75 were analyzed using cryo-TEM (Figure $).
During the early prenucleation stage (Figure SA,B) aggregates
that gradually increase in contrast over time were observed.
This indicates assembly of alginates and possible colocalization
of inorganic precursor species during the early stage of CaCO,
nucleation. Densification of the aggregates and initial growth of
mineral particles were seen during the nucleation event (Figure
SC,D). The nucleation regime distinctly affects the assembly of
alginates to more structured fibrillar and sheet-like morphol-
ogies (Figure S10). Subsequent to nucleation, the growth of
superstructures formed of smaller particles was observed
(arrows, Figure SE,;F). The SAED pattern of these structures
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Figure 4. TEM images of products nucleated in the presence of low viscosity alginate (40 mg/L) at (A—C) pH 9.0 and (D—F) 9.75. SAED patterns

correspond to the regions shown in C and F.

Figure 5. Cryo-TEM images of samples taken during progression of titrations containing low viscosity alginate (40 mg/L) at pH 9.75, representing
prenucleation (A—B), nucleation (C—D) and postnucleation (E—F) regimes. Scale bars represents (A—D, F) 200 nm and (E) 100 nm.

is typical of monocrystalline vaterite with reflections at d values
of 3.64 and 4.46 A corresponding to the {110} and {014} faces
(Figure SE), respectively. This pattern can be indexed as a
hexagonal vaterite CaCO; viewed from the (001) zone axis by
using JEMS crystallography software (Figure S11). Thus, the
high-energy vaterite (001) surface is stabilized by the
adsorption of alginate additives.”’ Similar structures are
reported for gas diffusion assays in the presence of a chemical
derivative of cellulose, a ubiquitous polysaccharide.”® Since the
individual constituent nanoparticles are crystallographically,

1354

mutually oriented (arrow, Figure SE), these structures are
The self-assembly properties of alginate
molecules thus affect transient mineralization precursors and
further mediate the formation of CaCOj superstructures. These
effects might be on account of synergistic interactions between

.64
mesocrystalline.

the egg-box molecular structure of alginate assemblies®" and the
mineral precursors. The egg box model shows that the
complexation of Ca®* ion to the G units leads to their self-
association of these units in alginate molecules. This can lead to
the formation of local sites enriched in Ca®>" ions. In the
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Figure 6. (A) Representation of mineralization in the presence of alginate molecules via their interactions with ion clusters, amorphous species, and
crystalline particles (see text for explanation). Schematics depicting the free energy variation for nucleation and crystallization (B) according to the
notions of the prenucleation cluster pathway (red) and direct nucleation of vaterite according to classical nucleation theory (black). Note that the
stability of the amorphous intermediate, namely, proto-calcite and proto-vaterite at pH 9.0 and pH 9.75, respectively, varies in a pH-dependent
manner (not shown). (C) At pH 9.75, the presence of alginates initially leads to formation of more stable calcium carbonate clusters and promotes
the precipitation of vaterite from a short-lived amorphous phase; however, our data do not reveal whether or not the amorphous intermediate is
thermodynamically stabilized (as indicated by the question mark) or destabilized. The free energy barrier associated with vaterite formation is lower
in the presence of alginates (AG\,,ﬂ,t_alg < AG vat). At pH 9.0, in the presence of alginates (blue curve), nucleation is inhibited (AG,, < AGnuc_alg), and
the phase transformation of amorphous precursors is not significantly affected.

presence of excess carbonate ion species, these local sites can
potentially serve as space-limited nucleation sites on account of
the Ca** induced association of G units in the alginate gel
matrix (Figure 6A). This is supported by enhanced assembly
states of alginate molecules under conditions of nucleation and
mineral growth (Figure S12). In water, Ca*" induced alginate
aggregation leads to species with sedimentation coeflicients of
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about 4.9 §, 9.1 S, 13.1 S, and 18.5 S, with the smallest species
being the most abundant (about 81.5%, as calculated from
Gaussian fits of the peaks). However, when in carbonate buffer,
Ca”" ions lead to a large distribution with species corresponding
to 2.1 S,10.1 S,16.9 S,22.2 S,31.5 S, and 53.4 S. Here the 2.1
and 53.4 S species are more abundant corresponding to 56.4%
and 24.4%, respectively.
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Crystallization. To investigate the role of alginates on final
crystal morphology, we also performed gas diffusion assays in
the presence of these additives (Figure S13). Commercial low
viscosity alginate and alginate from L. trabeculata lead to calcite
particles with rounded edges. However, commercial medium
viscosity alginate and that isolated from L. nigrescens lead to the
formation of particles with spherical and complex morphologies
suggestive of vaterite. Considering that different crystal
morphologies emerge in the presence of these alginate samples,
it follows that although members of certain additive classes can
induce similar effects on the nucleation regime, their effects on
crystal growth and formation can significantly differ. To further
understand the emergence of such effects, chemical properties
such as M/G ratio and physical properties such as viscosity
(determined by its molar mass as given by the MHKS
equation) of commercial alginates can be taken into account.
'H NMR studies have shown the M/G ratio of low and
medium viscosity commercial alginate to be 1.5 and 1.6,
respectively.”> The Brookfield viscosity (supplier provided) of
low and medium viscosity alginates are about 100—300 cps and
~2000 cps, respectively. Here the role of alginates in
determining final crystal morphology appears to be primarily
affected by viscosity of alginates, i.e., their molar mass. Crystal
morphologies similar to calcite rhombohedra are more
prevalent in the presence of low viscosity commercial alginates.
Commercial alginates with higher viscosity lead to spherical
particles and appear to deviate from the thermodynamically
stable morphologies.

From Nucleation to Crystallization. In the present study,
alginate additives modify CaCOj; crystallization pathways
during which crystalline phases are the preferred nucleation
products at higher pH values. The stabilities of CaCOj;
prenucleation clusters affect the solubility products of the
phases formed after nucleation (Figure 6B,C). Alginate
containing potentiometric titrations performed at pH 9.75
exhibit decreased prenucleation slopes and the formation of
vaterite after nucleation. Thus, prenucleation stages of
mineralization processes are significant in determining the
composition of mineral products and can contribute to
polymorph selectivity.'” Recent reports suggest that Ca®*
binding properties of certain polyelectrolytes play a key role
in biomineralization during which local supersaturation
determines mineral formation.*™"" However, in the present
study by using a Ca®>" binding biopolymer, i.e., alginate, we
observe distinct effects on mineralization at pH 9.0 and 9.75.
This cannot be explained by local supersaturation alone. First,
considering the organic phase, i.e., alginate molecules, a change
of ApH 0.75 in the range of pH 9.0 will not significantly affect
the dissociation state of carboxylate groups in the alginate sugar
residues. It follows that the pH dependence of nucleation in the
presence of alginates cannot be solely attributed to ion-binding
since in the egg-box model alginate structuration applies to
both pH values. Alternatively mineral precursors such as PNCs
and amorphous phases are more responsive to changes in pH in
terms of composition, size, and proto-structure.”””" This
indicates the prevalence of diverse mineralization pathways.™*
Results of electron microscopy for samples synthesized at pH
9.75 also indicate that ACC precedes the formation of vaterite.
However, the evasion of this phase, ie., low solubilities noted
after nucleation (<3 X 10™® M?) in corresponding potentio-
metric titration data, indicates that this amorphous phase is
transient (Figure 6C). Note that the solubility products
observed in the above-described titration experiments corre-
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spond to the most soluble products. Solubility products
corresponding to vaterite (<3 X 107® M?) indicate that alginate
assemblies “actively” promote the transformation of mineral
precursors to crystalline phases. Nucleation products in
corresponding reference experiments exhibit a solubility
product of about 3.6 X 107* M? suggestive of amorphous
phases. This is also consistent with a previous study where
ACC is formed in the presence of alginates.”” This study also
proposed a formation mechanism for the lens-like structures in
which the Ca’*-alginate interactions induce certain proto-
structure in ACC and also further “partially oriented
aggregation” of the ACC particles.”” Here our titration assays
and FTIR analyses show that vateritic proto-structuring maybe
a prerequisite for the formation of the vateritic mesocrystalline
superstructures. Second, the physical association of ACC and
vaterite particles with alginate assemblies indicates the role of
alginate in promoting phase transformation as well as particle
assembly. At present, the exact mechanism of the phase
transformation involved is difficult to address. Also our
observations are consistent with the Oswald-Lussac law,
which states that phase transformations proceed along a series
of increasingly stable intermediate phases and depend on the
solubilities of the phases and on the free energies of
activation.””” An alternative explanation for vaterite formation
would be the kinetic precipitation of vaterite in the presence of
alginates. However, this does not account for the pH-
dependent behavior of alginates that leads to vaterite formation
from transient ACC at higher pH values. This hints toward the
role of PNCs and proto-structures in amorphous intermediates
in phase transformation and thus polymorph selection (Figure
6B). In the literature, the role of particle fusion and Oswald
ripening has been suggested.”> This agrees with the nonclassical
route of crystal growth wherein precursor nanoparticles can
attach in an iso-oriented manner to form larger crystals.** In the
present study, the formation of vateritic superstructures could
also be a consequence of oriented attachment to primary
vaterite nanoparticles. This might contribute to phase trans-
formation observed here. Furthermore, alginate additives can
bind to vaterite crystals* serving as a “capping agent” to
stabilize the individual nanoparticles (Figure 6A). This growth
model fits well with the descriptions of nonclassical
crystallization which also encompasses the recently reported
“particle accretion growth mechanism”.**”>”* Considering the
effect of alginates on crystal growth, the different morphologies
observed can be a consequence of the differences in chemical
configuration specifically the M/G ratio and physical properties
such as the resulting solution viscosity. However, it is evident
from gas diffusion studies that crystal shapes are highly affected
by additive solution viscosity. Such structure—function relation-
ships are also evident in the prenucleation regime wherein a
more pronounced inhibition of nucleation is found in the
presence of low viscosity commercial alginate in comparison to
the medium viscosity alginate. This can be attributed to (i) a
higher content of L-guluronate residues that are involved in ion
complexation and (ii) a lower solution viscosity and better
diffusion in comparison to medium viscosity alginate containing
mixtures.

In summary, our results agree well with the nonclassical
concept of nucleation and crystallization that addresses the role
of PNCs in crystal nucleation and growth.'>"® The stabilities of
CaCO; PNCs certainly affect the solubility products of the
phases formed postnucleation (Figure 6B,C). This observation
has been noted earlier in context of the pH dependence for
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different ACC proto-structures.'”*' However, in the recent

studies, additive-mediated changes in the stability of PNCs also
appear to affect the products formed postnucleation.”>
Results discussed here show that solution pH is a primary
determinant of organic—inorganic interactions and thus final
mineral composition and structure. In nature, these interactions
and their consequences on final mineral structures thus appear
crucial and hence need further investigations.

The consistency of potentiometric titration assays with
electron microscopy and FTIR analyses reflects that this is a
reliable technique providing quantitative information about
nucleation events in bulk volumes under near physiological
conditions. In contrast, gas diffusion assays give qualitative
evidence of additive mediated changes in crystal morphology,
polymorphism, or crystallization mechanism and do not reveal
the prenucleation stages of crystallization that the additives act
upon. Another disadvantage of this assay is the lack of control
over reaction pH and the presence of NH,* ions that drastically
affect the structural integrity of certain biomolecules,”* but can
also act as an additive as such which can influence the
mineralization reaction of CaCO5.”® For a better understanding
of mineralization phenomena, complementary techniques that
probe bulk properties in a quantitative manner are essential.

B CONCLUSIONS

The present study shows that solution pH is a critical factor
that affects the interactions between mineralization additives
and transient inorganic phases and in turn determines the
properties of subsequent mineral products such as composition
and structure. Such observations cannot be satisfactorily
described by classical crystal growth models that describe
crystal growth by ion attachment and unit cell replication.”’
This study also shows that prenucleation stages have an effect
on postnucleation events such as nucleation of favored
polymorphs. Previous titration-based studies conducted at
constant pH 9.75 have shown that molecular configuration,
stereochemistry, and type of molecular linkages significantly
affect mineralization.”> Considering the distinct pH-dependent
effects observed here, the interactions between biomolecules
and transient mineral species appear more complex. In addition
to the biochemical properties of molecules, which are generally
focused upon, the value of pH, a physiochemically fundamental
parameter significantly alters on the scheme of CaCO;
mineralization. In nature, the pH-dependent modulation of
biomineralization pathways has been documented. For
instance, pH is a fine-tuned parameter for calcite deposition
in certain foraminifera’® and during avian egg-shell formation.”
The consequences for such constant pH environments not only
encompass the stability and structure of inorganic precursors
but also their specific interactions with mineralization additives.
Such interactions are possibly linked to the distinct proto-
structures of PNCs and ACC>" wherein certain proto-structures
might be structurally more conducive for interactions with
additives. To understand this, further insights into the
molecular interactions between additives and mineral pre-
cursors are required.
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