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’ INTRODUCTION

Gaining control over morphogenesis and phase selection is a
pivotal challenge for material science and technology since the
entire characteristics of a material can be altered by modifying its
shape, phase, size and mesoscale substructure. Biominerals show
prominently that abundant minerals may exhibit superior prop-
erties in order to serve as sensors, skeletal support, or protection
of soft tissues.1�5 By combination of inorganic strength and
stiffness with organic elasticity,6 biomineral properties excel as
compared to those of their purely inorganic counterparts.
Intracrystalline biomacromolecules (e.g. proteins, glycoproteins,
polysaccharides, or proteoglycans), which are frequently very
acidic,7 are known to take a crucial role in the formation of these
tailored materials. They are assumed to control nucleation,
phase, growth, size, and shape of the emerging biomineral but
their definite role still remains vague.8 In recent years, intense
examination of biomineralization processes and their emulation

in biomimetic/bioinspired crystallizations brought the awareness
that the classical picture of nucleation and crystal growth is
oversimplified and that, in fact, nonclassical crystallization via
transient phases are the normal case rather than an exception—
just as in case of the complex calcium carbonate system.6,9

A prominent example of nonclassical crystallization is the
crystallization pathway of mesocrystallization6,10 which was
recently validated by the identification of prenucleation clusters
whose discovery puts classical nucleation into question.11 The
second known nonclassical crystallization pathway of the calcium
carbonate system involves a liquid/liquid phase separation lead-
ing to an emulsified state of a highly hydrated liquid amorphous
calcium carbonate (LACC). This exceptional liquid phase forms
during the homogeneous formation of calcium carbonate from a
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ABSTRACT: The impact of the ovo proteins ovalbumin and lysozyme—
present in the first stage of egg shell formation—on the homogeneous
formation of the liquid amorphous calcium carbonate (LACC) precursor,
was studied by a combination of complementing methods: in situ WAXS,
SANS, XANES, TEM, and immunogold labeling. Lysozyme (pI = 9.3)
destabilizes the LACC emulsion whereas the glycoprotein ovalbumin (pI =
4.7) extends the lifespan of the emulsified state remarkably. In the light of the
presented data: (a) Ovalbumin is shown to behave commensurable to the
‘polymer-induced liquid precursor’ (PILP) process proposed by Gower et al. Ovalbumin can be assumed to take a key role during
eggshell formation where it serves as an effective stabilization agent for transient precursors and prevents undirected mineralization
of the eggshell. (b) It is further shown that the emulsified LACC carries a negative surface charge and is electrostatically stabilized.
(c)We propose that the liquid amorphous calcium carbonate is affected by polymers by depletion stabilization and de-emulsification
rather than ‘induced’ by acidic proteins and polymers during a so-called polymer-induced liquid-precursor process. The original PILP
coating effect, first reported by Gower et al., appears to be a result of a de-emulsification process of a stabilized LACC phase. The
behavior of the liquid amorphous carbonate phase and the polymer-induced liquid-precursor phase itself can be well described by
colloid chemical terms: electrostatic and depletion stabilization and de-emulsification by depletion destabilization.
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pure, near neutral, and saturated calcium bicarbonate solution in
absence of additives and seems to behave like a classical electro-
statically stabilized emulsion.9,12,13 Calcium carbonate—and
later, its relatives9,13—was the first inorganic mineral which
was shown to undergo such a liquid/liquid phase separation, a
well-known process for proteins and polymers14,15 but unknown
for minerals.

Gower et al. reported a related liquid intermediate calcium
carbonate phase whose existence was ascribed to be generated
by the addition of tiny amounts of small anionic polymers and
was consequently termed ‘polymer-induced liquid-precursor’
(PILP).16,17 The PILP phase has been employed for the synthesis
of nonequilibriummorphologies (e.g. films and tablets composed
of CaCO3 by sedimentation of the PILP).16�18 The first and
main objective of this contribution is to link the two phenomena
of LACC and PILP mechanistically. For this we have chosen a
model system associated with a real biomineralization system:
two proteins of different pI from the egg shell of Gallus gallus.
This model systemwas already chosen and investigated by one of
the founding fathers of biomineralization, Pieter Harting. He
employed, among other organic substances (e.g. mucus secreted

from molluscs), a protein extract of hen egg white for his
groundbreaking research on biomimetic morphosynthesis. His
careful observations (e.g. his description of ‘calcospherites’)
coincide very well with the observations presented in this article.
Indeed, he already described morphologies which resemble
PILP-like products prepared by the aid of the hen egg white
extract.19,20

The formation of domestic fowl egg shells is a common
example of a fast but highly controlled extracellular biominer-
alization: 5 g of calcium carbonate are deposited within 22 h.21

The biopolymers and proteinaceous constituents of the uterine
secretion are assumed to strongly control the calcium carbonate
deposition in the oviduct because the uterine fluid is 60- to 100-
fold supersaturated with regard to the solubility product of calcite,
but the eggshell is crystallographic highly orientated and perme-
able, and its fracture is crystallographically controlled.22,23 There-
fore, the components of the uterine fluid have to prevent
unfocused precipitation in favor of a controlled, spatially restricted
growth of the eggshell. Each phase of shell mineralization (i.e.
nucleation, rapid crystal growth, and the completion of shell
formation) is associated with a specific composition of the uterine

Figure 1. Evolution of scattering intensities during the in situ monitoring of the evaporation of a levitated calcium bicarbonate solution (a) in the
absence of protein, and in the presence of (b) lysozyme and (c) ovalbumin (7.5 mg 3mL�1). The two shoulders at 20 nm�1 and 30 nm�1, which
dominate all three scattering evolutions, originate from the diffuse scattering of water.
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secretion.24 Ovalbumin and lysozyme are two of the egg white
proteins which are present during the initial stage of eggshell
formation.24,25 The acidic glycoprotein ovalbumin (pI = 4.7) is the
most dominant protein during the initial stage and comprises 54%
of the hen egg white, but its biological function is still unclear.26

Ovalbumin is singly N-glycosylated at Asn-292 by acidic
sialyloligosaccharides27 and carries two phosphorylated sites at
Ser-68 and Ser-344.28 Roughly one-fourth of the amino acid
residues are acidic, whereas 15% of the amino acids are basic
(16% Glu, 11% Asp, 12% Ser, 8% Lys, 7% Arg).28 The quite low
isoelectric point of ovalbumin thus arises both from the primary
sequence and the post-translational modifications. The alkaline
and nonglycosylated lysozyme (3.5% of the hen egg white, pI =
9.3) fulfills antibacterial tasks and thus plays a chemical protective
function during avian embryonic development.29,30

Contrasting both proteins, this contribution studies the effect
of ovo proteins/biopolymers of different types and isoelectric
points (pI) on the liquid amorphous calcium carbonate phase
(LACC). The aim of this contribution is two-fold: (a) to study
the probable tasks of proteins of different pI in general and the
ovo proteins ovalbumin and (ovo)lysozyme in particular during
biomineralization and (b) to analyze the mechanisms of stabili-
zation/destabilization of the LACC phase and its link to so-called
PILP processes. These aims were accomplished by a combina-
tion of methods of characterization: in situ synchrotron X-ray
scattering experiments were performed at a microfocus beamline

to monitor the mineral phase formation, and different stages of
the crystallization were characterized by transmission and scan-
ning electron microscopy (TEM, SEM). Ex situ small angle
neutron scattering (SANS) and X-ray absorption spectroscopy
near the Ca�K edge were employed to characterize the ante-
cedent and intermediate states of protein/ion interaction. All
crystallization experiments were conducted by employing ultra-
sonic levitation in order to rule out any heterogeneous influences
of foreign materials and their phase boundaries.12

’RESULTS AND DISCUSSION

The crystallization was carried out homogenously according
to the Kitano method31 in which calcium carbonate is formed by
slow evaporation of water and concomitant slow release of
carbon dioxide from a saturated solution of calcium bicarbonate.
The precipitation proceeds slowly at nearly neutral and constant
pH because of the inherent bicarbonate buffer system (pH =
7.35�7.45) and is thus comparable to conditions in the uterine
fluid. In a typical experiment, one droplet of 4 μL of solution was
levitated which contained, in addition to the respective ovo
proteins (7.5 mg 3mL�1), calcium bicarbonate at a saturated
concentration (∼10 mmol 3 L

�1), which is about 160-fold super-
saturated with respect to calcite. The quite high concentration of
proteins was chosen in order to roughly resemble the conditions
in the uterine fluid. The precipitation was followed in situ by
means of wide angle X-ray scattering (WAXS). The resulting
X-ray diffraction patterns are shown in Figure 1. The appearance of
distinct Bragg reflections indicates the incipient crystallization—
more precisely the formation of the first crystalline phase as the
formation of amorphous phases might precede. The elapsed time
until the appearance of first reflections was quantified by an
analysis of the integral intensity of the corresponding reflections
according to Avrami:32,33 a Weibull function was fit to the
normalized integral intensities of the (104) reflection, the
derived inflection point was used as a comparative value t104
which corresponds to the time when the calcite formation rate
has reached its maximum and decreased afterward (cf. Figure 2).
In the absence of proteins, the first detectable reflection belongs
to the {104} set of calcite lattice planes. Later, other reflections
follow: (102), (110), and (202) appeared almost simultaneously
whereas the weakest reflection (006) was detected last. A t104
value of 34.5 min was derived (Figure 2). In the evaluation of the
WAXS pattern of the finally dry sample, only the stable calcite

Figure 2. Integral intensity of the (104) reflections as a function of time,
fitted by aWeibull function. The corresponding inflection points t104 are
indicated by dotted anchor lines.

Figure 3. SEM micrographs of the final stages of precipitation of (a) pure CaCO3, (b) CaCO3 in presence of 7.5 mg 3mL�1 ovalbumin.
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phase was found (Figure S1). The dry sample was investigated
with SEM that revealed that spherical solid particles were present
along with rhombohedral calcite crystals (Figure 3a); the former
particles consisted of solidified dry and presumably amorphous
calcium carbonate, which did not transform into crystalline
material. During evaporation, the levitated drop shrank continu-
ously, thus the transient calcium carbonate precursors accumu-
lated near the droplet surface and formed spherulites by
aggregation.12 In the presence of lysozyme, the evolution of
the WAXS patterns (Figure 1) did not change significantly. A
slow increase of intensity in the SAXS regime (q < 5 nm�1)
indicates aggregation of lysozyme.34,35 This scattering ceased
when the sample had reached its final dry state. The kinetics of
the precipitation process did not differ significantly from those of
a protein-free mineralization (t104 = 31 min, cf. Figure 2). Just as
in absence of proteins, the final mineral phase is the thermo-
dynamically stable calcite phase. In contrast to lysozyme, the
presence of ovalbumin affected the precipitation of calcium
carbonate considerably. The formation of crystalline calcium
carbonate was strongly retarded; reflections appeared quite
abruptly after 53 min (Figures 1 and 2). In contrast to the two
other experiments with lysozyme and without protein, only the
presence of ovalbumin led to a mixture of calcium carbonate
phases (Figures 1 and S1). A ratio of 80.16% vaterite vs 19.83%
calcite was determined on the basis of Rietveld refinements.36

The intensity of the SAXS regime increased later than in the case

of lysozyme. Ovalbumin is known to undergo aggregation in
terms of a Gaussian chain with large segments if it experiences
either thermally 37,38 or calcium-induced39 denaturation. TEM
and standard light microscopy revealed that these protein chains
aggregate further to form fibrils featuring a high aspect ratio
(Figure S2). In the finally dry sample, these protein fibrils fully
dominated the appearance of the residue (Figure 3b). Energy
dispersive X-ray spectroscopy revealed that the prominent knobs
at the residue’s outer surface consist of CaCO3, whereas the other
remains are protein aggregates.

As amorphous intermediates cannot be traced by X-ray
diffraction techniques, the early stages of mineralization were
investigated by TEM. In the case of the pure calcium bicarbonate
solution, the liquid/liquid phase separation occurs at the outset
of the precipitation prior formation of the crystalline calcite
phase (Figure 4a).12 The amorphous state of the emulsified
droplets, which are formed during the early stages of precipita-
tion, was ascertained by electron diffraction (ED, inset in
Figure 4a). The low contrast variation of the droplets gives
evidence of their liquid-like character as solid spherical particles
would show a distinct increase in contrast from the particle
boundary to their center. The droplets consist of highly hydrated
calcium carbonate—their crystallization yielding calcite could be
induced by increased irradiative stress during TEM analysis,
which we attribute to a loss of water of hydration by coaction of
the irradiative stress and ultrahigh vacuum.

Figure 4. TEMmicrographs of precipitations of CaCO3 (a) in absence of ovo proteins, (b) in presence of 7.5 mg 3mL�1 lysozyme, (c, d) in presence of
7.5 mg 3mL

�1 ovalbumin. The sampling was done at different times: (a, b) 400 s, (c) 500 s, and (d) 1000 s. The respective electron diffraction patterns
are shown in the insets and indicate the amorphous state of the droplets.
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If lysozyme is present during the precipitation process, the
salient emulsion-like appearance of the precursor vanishes.
Instead of individual droplets, an intense coalescence occurs
during the first 400 s (Figure 4b). Electron diffraction showed
these structures to be noncrystalline (inset of Figure 4b). As
implied by the deviation of the t104 value, the impact of
ovalbumin on the precursor structures differed distinctly from
the effect lysozyme induced. The liquid intermediate was con-
siderably stabilized, and its lifespan was greatly extended if
ovalbumin was present during the precipitation, whereas spora-
dic crystalline material could be found after ∼500 s by TEM. In
the absence of proteins, an emulsion-like state still existed after
500 s (Figure 3c) and persisted up to∼1000 s in the presence of
ovalbumin (Figure 4d). The appearance of the ovalbumin-
stabilized mineral emulsion closely resembled the one formed
in the absence of protein (Figure 4a vs 4d), and the amorphous
state of the droplets could be verified by ED (inset in Figure 4d).

The localization of proteins is commonly accomplished by
immunogold (IG) staining provided that antibodies of the
respective protein are available, a method which is obviously
not applicable for synthetic polymers. Following the above
findings, ovalbumin represents the first protein which behaves
commensurable to a so-called PILP process, so the assumed
accumulation of polymer/protein in LACC droplets during a
PILP process could be directly probed for the first time. Samples
which were obtained after 300 s of levitation at a protein
concentration of 0.5 mg 3mL�1 were fixated by drying at 40 �C
for 48 h and studied by a polyclonal IG labeling in order to locate
the ovalbumin. As shown in Figure S3, the LACC droplets
suffered from the rinsing steps, which are inevitable during IG
labeling. Nevertheless, IG labeling revealed that ovalbumin is
accumulated partially within the droplets and—to a lesser
extent—randomly distributed as well. The number of nano-
particles per area associated with the LACC droplets was found
to be higher by a factor of 6.78 compared to the number of
nanoparticles randomly distributed. Thus, ovalbumin remains
partially in solution but, in fact, a moiety is incorporated in the
droplets of liquid calcium carbonate.

Recently, we reported a detailed SANS study on a biomimetic
mineralization involving ovalbumin in this journal: its calcium-
induced aggregation and its loading with calcium.39 The final
ovalbumin aggregates can briefly be described as Gaussian linear
chains with relatively large, rodlike segments. Under addition of
calcium, the scattering length density of the acidic glycoprotein
ovalbumin increased by 6.6% which is caused by an uptake of
roughly 130 calcium ions per protein. We now complement this
study with corresponding scattering experiments employing
lysozyme. We compared the SANS patterns of lysozyme at three
different concentrations (2.5 mg 3mL�1, 5 mg 3mL�1 and
7.5 mg 3mL

�1) in different buffer solutions: pure protein,
10 mM 3 L

�1 CaCl2, and 30 mM 3 L
�1 NaCl (i.e. identical ionic

strength as 10 mM 3 L
�1CaCl2). At 2.5 mg 3mL�1 lysozyme

(cf. Figure S4a), all three scattering curves resemble each other
whichmeans that no loading occurs: the scattering length density
of the protein does not change and no structure factor is
superimposed. At higher concentration of lysozyme (5 mg 3mL�1

and 7.5 mg/mL, cf. Figure S4b,c), the structure factor, which
arises from protein�protein interaction, is screened only insuffi-
ciently at the given salt concentration, which was chosen to be
equal to that in the saturated calcium bicarbonate solution
for the sake of comparability. However, at higher q, evidence
suggests that no loading of lysozyme with calcium occurs as there

are no deviations of the three scattering patterns. Measurement
of the calcium activity of the respective solution affirmed that the
calcium activity does not significantly decrease in the presence of
lysozyme whereas in presence of ovalbumin the calcium activity
is considerably diminished.

X-ray absorption spectra near the Ca�K edge were taken in
order to probe the interaction of calcium with the both proteins.
A comparison of XANES spectra of a pure calcium chloride
solution with calcite as a standard and with solutions which
contain additionally 1 mg 3mL�1 ovalbumin or 1 mg 3mL

�1

lysozyme is shown in Figure 5. The spectra of the solutions are
identical: each spectrum features a pronounced pre-edge 1sf3d
transition which is formally forbidden in octahedral/inversion
symmetry. Compared to crystalline calcite, a considerable de-
crease in features occurs which indicates a decrease in structural
order:40 all solution spectra show one large peak around 4049 eV,
which arises from Ca�O scattering in the first shell, whereas
crystalline calcite shows two distinct peaks at 4047 and 4058 eV
originating from diverse Ca�O first-shell scattering paths41 and
the additional shoulder at 4043 eV from a 1sf4p transition. In
pure calcium chloride solutions, the calcium ions are completely
hydrated as chloride is a weak complex ligand.42 The well-
pronounced 1sf3d pre-edge transition indicates a nonoctahe-
dral coordination sphere and thus accounts for a coordination
number higher than six as it is formally forbidden in centro-
symmetric (e.g. octahedral) coordination. Recent contributions
reported a median hydration number of seven to eight.42,43

Calcite has a trigonal symmetry (crystal symmetry 32/m), and,
therefore, the pre-edge transition is present. Lysozyme does not
bind calcium ions—as demonstrated by SANS—hence the
pre-edge peak remains. Although calcium is bound to ovalbumin,
the pre-edge signal remains unchanged and thus the high
coordination number persists: it seems that calcium remains
highly coordinated thus is probably still highly hydrated. No
specific chelating binding pockets of ovalbumin seem to be
involved; it seems merely to bind the proteins surface
(including its post translational modifications). In fact, ovalbumin
does not contain calcium-specific binding motives: no sequence
similarities were found when comparing the primary sequence of
ovalbumin with the calcium-specific binding motives of EF-hand,
C2, S-100 and annexins.

Figure 5. Comparison of the X-ray absorption spectrum near the
Ca�K-edge of a pure calcium chloride solution with solutions with
additionally contain 1 mg 3mL�1 ovalbumin or 1 mg 3mL�1 lysozyme
and with solid calcite.
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’CONCLUSIONS

Ovalbumin is capable of extensively stabilizing the liquid pre-
cursor phase LACC of calcium carbonate whereas lysozyme
destabilizes the emulsified transient phase and leads to a strong
coalescence. In the light of the presented data, we assumeovalbumin
to take a key role during eggshell formation.Ovalbuminmay serve as
(a) an effective stabilization agent for a transient mineral precursor,
(b) a storage protein (aggregate) of the inorganic eggshell compo-
nents and as (c) an inhibitor of undirectedmineralization in favor of
a directed mineralization of the eggshell. Ovalbumin binds a con-
siderable amount of calcium ions from solution as evidenced by
SANS and calcium activity measurements although it does not
possess a specific calciumbinding site; it thus can be counted among
the high-capacity, low-affinity calcium binding proteins.

The effect of ovalbumin can be briefly summarized as follows:
In the beginning, ovalbumin binds calcium and thus relieves the
supersaturation which retards crystallization, specifically, phase
separation. After phase separation, the IG labeling data indicates
that the calcium-loaded ovalbumin is partially incorporated in the
LAAC droplets and partially remains in solution. However, the
influences exerted by ovalbumin on the liquid mineral phase are
multifold and have to be discussed in more detail.

The recent data from SANS showed ovalbumin to act like a
‘cation sponge’;39 it accumulates calcium ions from solution
which are complexated by the protein’s carboxylic groups. It
decreases dramatically the calcium activity of the bulk solution to
increase locally the calcium concentration next to the protein.
The decrease in calcium activity due to complexation relieves the
solution’s supersaturation and thus decelerates formation of
crystalline material, whose formation would require higher
supersaturation based on their solubility products. Thus, the
lifespan of the liquid and amorphous precursors is extended.

If we approach the problem from a colloidochemical point of
view, the LACC dispersed in the mother solution of calcium
bicarbonate behaves like a classical emulsion: In the absence of
(bio)polymers the emulsified state is assumed to be electrosta-
tically stabilized as no other of the classical colloidal stabilization
mechanisms (i.e. sterical or depletion stabilization) can apply.9,12

The basic and thus positively charged protein lysozyme (pI = 9.3)
destabilizes the emulsified state whereas the negatively charged
acidic protein ovalbumin (pI = 4.7) extends its lifespan. It is a
well-known behavior of colloidal systems that if the additive is of
opposite charge in respect to the emulsified moiety phase, it may
destabilize the emulsion either by compensating the surface
charges or interconnecting the emulsified droplets.44 On the
basis of these findings, we deduce that the surface of the
emulsified liquid calcium carbonate phase is actually negatively
charged and the positively charged lysozyme induces coalescence
via charge neutralization or interconnection. The effect of the
negatively charged polymer one may call depletion stabilization.
These findings are well corroborated by earlier results based on
electrospray ionization mass spectrometry (ESI-MS) which
revealed all the precritical carbonate-coordinates complexes to
be of negative charge.13 The formation of the liquid amorphous
state seems rather to be a characteristic of the carbonate-based
systems than literally induced by the presence of polymers: the
liquid phase appears also in the absence of polymers which thus
are no conditio sine qua non of the liquid/liquid phase separation
of the calcium carbonate system.

In colloidal systems a destabilization is well-known which
occurs at distinct lower concentrations of nonabsorbing

polymer: depletion flocculation—in this case depletion segrega-
tion, strictly speaking (this effect is briefly explained in ref 45). It
seems reasonable that one can describe the original PILP coating
effect as a result of a de-emulsifying process: the moiety of the
acidic, negatively charged polymer, which remains in solution
and is not incorporated in the LACC droplets, cannot absorb on
the LACC droplets surface as they carry the same charge. At
distinct low polymer concentration as employed in PILP pro-
cesses, the depletion effect initiates the breaking and de-emulsi-
fying of the LACC emulsion, and the incipient settlement of the
LACC, respectively “polymer-induced liquid precursor”, yields
the characteristic coating effect of PILP processes.

We turn now to the nucleation event itself. Ovalbumin, loaded
with calcium ions, can be regarded as a ‘fluctuation in calcium
concentration’. Such concentration fluctuations are the crucial
point during formation of a new phase.6 In pure solutions, these
fluctuations are based on statistical processes and are thus seldom
occurring. In the current case, they are actually provided by the
presence of ovalbumin as it gathers calcium ions from solution
and which may promote nucleation by lowering this main
activation barrier of the upcoming phase separation. One may
thus speculate that the presence of a calcium-loaded
(bio)polymer may aid nucleation; it may switch the liquid/liquid
phase separation from a spinodal, in which no concentration
gradient is initially present, to a binodal process, in which
crystallization starts at an initial concentration variation.12,50

This rationalization is commensurable to the polymer-induced
liquid-precursor (PILP) concept and would narrow down the
meaning of the “induction” of the liquid precursor: the formation
of the liquid mineral precursor is not induced in the sense of
being generated because it occurs as well in absentia of
polymers,17,51,52 but it is facilitated and accelerated as it provides
an up-concentration of calcium ions. Then the initial uphill
diffusion of spinodal decomposition would be rendered unne-
cessary or already partially provided.

In a later state of mineralization, ovalbumin or small anionic
polymers in general which are incorporated in the amorphous
mineral phase increase the disorder of the ‘glassy’ state by
providing an additional multitude of different binding and
bridging possibilities, thus stabilizing the amorphous state. These
findings re-emphasize once again the crucial task of acidic
biopolymers in biomineralization: they prolong the life span of
the moldable transient phase and stabilize it in such a manner
that the mineralized tissue is able to retain its morphology in its
later crystalline state.

In a concluding summary, ovalbumin was shown to stabilize
the liquid calcium carbonate phase remarkably under neutral and
diffusion-controlled conditions and thus behaves commensur-
able to the PILP process which corroborates recent suggestions
of L. Gower that acidic biopolymersmay generate a PILP route.53

The emulsified liquid amorphous calcium carbonate phase
carries a negative surface charge, and thus, the pure emulsified
liquid calcium carbonate precursor is stabilized electrostatically.
Concerning the PILP model, we propose that the liquid amor-
phous calcium carbonate is affected by polymers in terms of
depletion stabilization and demulsifying rather than literally
being ‘induced’ by acidic proteins and polymers during a poly-
mer-induced liquid-precursor process. The behavior of the liquid
amorphous carbonate phase and the polymer-induced liquid-
precursor phase itself can apparently be well described in terms of
colloidal chemical terms: electrostatic and depletion stabilization
and segregation by depletion destabilization.
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following additional figures: (S1) wide-angle X-ray scattering
patterns of pure CaCO3 and of CaCO3 in presence of lysozyme
and ovalbumin, (S2) micrographs of ovalbumin aggregates (S3)
TEM micrographs of IG labeling experiments, (S4) SANS
patterns of lysozyme at three different concentrations in three
different buffers. This material is available free of charge via the
Internet at http://pubs.acs.org.
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