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1 Introduction

Calcium carbonate is one of the most popular biominerals in

In vitro crystallization of calcium carbonate
mediated by proteins extracted from P. placenta
shellst

Ningjing Song, Jiangfeng Li, Baosheng Li, Ercai Pan,
Juan Gao ® and Yurong Ma ®*

The shells of P. placenta are composed of foliated calcite laths packed as layered structures and have high
mechanical properties and optical transparency. However, the biomineralization mechanism and the
influence of the organic matrix on the formation of the foliated calcite laths in the shells of P. placenta are
not known. The acid-soluble matrix (ASM) was extracted from the shells of P. placenta and characterized in
detail. Sixteen proteins including calcium-binding and chitin-binding proteins were associated to shell
formation via proteome analysis of ASM. The ASM was found to be enriched with Gly, Asp and Ser. By
tracking the Ca®* concentration in the solution in the presence of ASM by a potentiometric method, we
find that the ASM has a strong effect to stabilize the amorphous calcium carbonate (ACC) precursor in
solution with a nucleation time of about 7733 s and a retardation factor of about 2.3, while the
concentration of the ASM was 0.3 ug mL ™. In particular, the ASM can inhibit the (secondary) nucleation of
calcium carbonate for 10 and 24 hours on the shell surfaces of P. placenta and the glass substrate in the
aqueous solution, respectively. An explosive secondary nucleation and quick crystal growth from 50 nm to
10 um can be finished on the shell surfaces in one hour, in between 10 h and 11 h of reaction time, via a
gas diffusion process. This indicates that the ASM has a very strong effect to stabilize ACC and inhibit
nucleation. The formation of ACC in the solution and its transformation to calcite crystals on the substrates
were tracked by dynamic light scattering, selected-area electron diffraction, infrared spectroscopy,
scanning electron microscopy, and confocal laser scanning microscopy. It was found that the ASM was
doped in the preliminary nanocrystals with a size of about 50-100 nm, which were formed on the shell
surfaces via secondary nucleation, and was occluded into the calcite crystals without preferred adsorption
on particular crystal planes. The calcite crystals formed on the shell surfaces became more and more
rounded and lost {104} planes with increasing concentration of the ASM in the solution, indicating that the
ASM can stabilize other planes instead of the thermodynamic {104} planes. The in vitro crystallization study
in this work shows that ASM extracted from the shells of P. placenta has a strong effect on the
biomineralization process of foliated calcite laths of P. placenta.

Biogenic calcite minerals exist in the prism layers of mollusk
shells, tests and spines of echinoderms and foliated crystals
in bivalves."*™*® Foliated calcite is a very interesting kind of

marine animals such as mollusks, corals and echinoderms,"™
and calcium carbonate has been an important model system
to study the biomineralization and bioinspired mineralization
processes for decades.”™" Calcium carbonate has polymorphs
such as calcite, vaterite, aragonite, monohydrate calcite, ikaite
(CaC03-6H,0), and calcium carbonate hemidydrate.'"?
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morphology of biogenic calcite minerals, which are packed as
layers in the shells. P. placenta, also known as windowpane
oyster, has shells composed of foliated calcite single crystals
with a thickness of about 300 nm, packed as layered
structures. The ¢ axis of the calcific laths is tilted about 24.4°
+ 3.5° from the normal direction of the shell surface, and the
surfaces of the laths are close to the {108} planes of calcite
according to the literature."®'” The shells of P. placenta are
very thin and possess a unique optical property of ~80% total
transmission of visible light."® The hardness of the shell of P.
placenta increases ~55% in comparison to that of single-
crystal calcite.’®'® Recently, our research group annotated the

This journal is © The Royal Society of Chemistry 2022
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unigenes of the mantle tissue of P. placenta by using public
databases such as nr, GO, KOG, KEGG, and Pfam.?° we
proposed that four unigenes with the highest expression
levels in the mantle tissue are very often related to the
biomineralization process, while another three unigenes are
potentially related to the biomineralization process according
to quantitative real-time polymerase chain reaction (QRT-PCR)
analysis.

Amorphous calcium carbonate (ACC) is an important
intermediate precursor of the formation process of biogenic
calcium carbonate minerals®** in the in vitro crystallization
process.”>*®  The formation pathways, stability and
crystallization of ACC particles under different synthesis
conditions were investigated.”” > In situ transmission
electron microscopy (TEM) and cryo-TEM studies have been
employed to investigate the nucleation and growth of
CaCO0;.”?°%? Using cryo-TEM and computer simulation, the
possible structural forms of pre-nucleation clusters (PNCs)
are proposed to be chain-, ring-, and branch-like and isolated
nanometer-sized structures.’*** The existence of PNCs was
initially evidenced during the early stages of ACC formation
by potentiometric titration and analytical
ultracentrifugation.®*>?® To investigate the roles of additives
in ACC, some remarkable studies have been presented. For
example, Polystyrene sulphonate (PSS) increases local
supersaturation, resulting in ACC nucleation only at the sites
of the globules.>” Mg>* can regulate the phase transformation
pathway from ACC to calcite in a concentration-dependent
manner.*®*° The capping of triethylamine (TEA) is used to
stabilize the precursors, which is defined as (CaCOj), ionic
oligomers. If the density of oligomers is increased, the
crosslinking of ionic oligomers leads to the rapid
construction of a pure monolithic ACC."" In addition, the
stability of ACC particles is also influenced by the amount of
water contained in them.**™**

Biological molecules play important roles in Ca**
transportation, stabilization of ACC, inhibition of nucleation
and the biomineralization process of calcium carbonate in
organisms.**** Kong et al. identified that PNU9 extracted
from Pinctada fucata was able to inhibit the crystal growth of
CaCO; and inhibit ACC transformation to calcite.*”> As a
typical acidic protein, Asprich mollusk shell protein can
transiently stabilize ACC and tune CaCOj; crystallization.*®
Recombinant Pif from the nacreous layer of P. fucata,"” acidic
abalone nacre protein perlwapin®® and EDTA-soluble matrix
protein PfY2 from both the prismatic layer and the nacreous
layer of P. fucata® clearly inhibited the transformation of
ACC to calcite or aragonite in the in vitro system.*”** Matrix
protein Alv extracted from the prismatic layer could promote
nucleation and stimulate calcite crystallization while
inhibiting transition from ACC to aragonite.’® Lys (K)-rich
mantle proteins (KRMPs), prismalin-14 and aspein extracted
from prismatic layers play a critical role in calcite
formation.”*™® The addition of ovalbumin, AP8 and
starmaker-like proteins to the reaction changed the
morphology of crystals from rhombohedral to ‘stack-like’
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structures.>*® Furthermore, mixed proteins were extracted
from molluscan shells by EDTA, weak acid and water, and
the influence of these proteins on the in vitro crystallization
of calcium carbonate was investigated. EDTA-soluble protein
from abalone nacre can induce the nucleation and growth of
calcite seed crystals.”” EDTA-soluble ubiquitylated proteins in
the prismatic layer of P. fucata can reduce the rate of calcium
carbonate precipitation and induce calcite formation.’®
Furthermore, the water-soluble matrix and acid-soluble
matrix extracted from abalone and pearl shells can strongly
influence the final polymorph and morphology of CaC0;.”*°*
Moreover, the ASM was identified from nacre and prismatic
layers by proteomics in the pearl oyster Pinctada margaritifera
and Pinctada maxima,®* greenlip abalone Haliotis laevigata,®
and abalone Haliotis asinine.®* However, little is known about
the influence of the ASM of the shells with foliated calcite
crystals on the biomineralization process and the in vitro
crystallization of CaCOg3, as far as we know.

In this study, the ASM was extracted from the shells of P.
placenta and characterized by proteome analysis. The
influence of the ASM on the in vitro crystallization process of
calcium carbonate was investigated by a gas diffusion
method. Potentiometric titrations reveal that the ASM has a
strong effect to stabilize the ACC precursor in the solution. In
vitro crystallization of the calcite system shows that the ASM
can inhibit the (secondary) nucleation of calcium carbonate
for 10 and 24 h on the shell surfaces of P. placenta and the
glass substrate in the aqueous solution. Our results show that
the ASM is occluded in the crystals and influence the
crystallization process.

2 Materials and methods
2.1 Materials

Sodium hypochlorite solution was bought from Macklin
(Shanghai, China). Acetic acid-sodium acetate buffer was
bought from Yuanye (Shanghai, China). The Amicon
ultracentrifugal filter unit was bought from Merck Millipore
(Darmstadt, Germany). The BCA assay kit was bought from
TransGen Biotech (Beijing, China). The HiTrap™ desalting
column (5 mL) was bought from GE company (Boston, USA).
Coomassie brilliant blue was bought from Rhawn (Shanghai,
China). Calcium chloride (CaCl,), sodium carbonate (Na,-
CO;3), ammonium carbonate [(NH,),CO;], trometamol,
sodium bicarbonate (NaHCOj;), sodium hydroxide (NaOH),
hydrochloric acid (HCl) and sulfuric acid (H,SO,) were
bought from Aladdin (Beijing, China). Iodoacetamide,
ammonium bicarbonate (NH,HCO;), amino acid standard
solution and proteomics grade trypsin (from bovine
pancreas) were from Sigma (Darmstadt, Germany). HPLC
grade acetonitrile (CH3CN), trifluoroacetic acid (TFA), formic
acid (FA), ethanol and dithiothreitol (DTT) were all bought
from Merck (Darmstadt, Germany). Sulfo-cyanine 5 NHS ester
(Cy5) was bought from Bioorth (Nanjing, China). Sodium
dodecyl sulfate (SDS), 40% acrylamide/methyl bisacrylamide
(ratio 37.5:1) and 10% ammonium persulfate were bought
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from Sinopharm (Shanghai, China). Prestained broad-range
protein molecular weight marker was bought from Vazyme
company (Nanjing, China).

2.2 Shell matrix protein extraction

Shells were collected from fresh 2-year-old adult P. placenta
(6-10 cm in length) during July to August (2020) from Beibu
Gulf (Fangchenggang City, Guangxi Province, China). The
shells were washed with 3% sodium hypochlorite to remove
contaminants on the surfaces. The shells were then washed
with water for 5 min and dried in air. A grinder was used to
grind the shell pieces into powder, which was then graded
using a 200 pm mesh. The powder (5 g) was then decalcified
with 150 mL acetic acid-sodium acetate buffer (pH 3.8) for 5
h at 4 °C under continuous agitation. For extraction of the
ASM, the supernatant was collected by centrifugation at 4000
rpm for 30 min at 4 °C and was then concentrated using an
Amicon ultrafiltration system on a Millipore membrane
dialysis filter (YM10; 10 kDa cutoff). The concentrated
solution (about 1 mL) was extensively desalted using a 5 mL
desalting column (HiTrap™ GE, USA) against Milli-Q water.
The concentration of the protein was measured using a BCA
assay kit (TransGen Biotech) according to the manufacturer's
instructions. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the purified protein
was performed as reported in the literature.®®

2.3 Proteomics analysis

The ASM was stained with Coomassie brilliant blue and the
entire protein lane was separated into four pieces (Fig. 1b,
P1-P4), which were completely destained by washing with 50
uL of a 50 mM NH,HCO3/CH;CN (50/50) mixture for 30 min
at 37 °C. Then, the destained solution was removed from the
1.5 mL microcentrifuge tube with the ASM. 50 uL of reducing
buffer containing 10 mM DTT and 50 mM NH,HCO; was
added to the 1.5 mL tube with the ASM for 1 h at 57 °C.
Alkylation was performed with 50 pL of 100 mM
iodoacetamide for 30 min at RT in the dark. The gel pieces
were dried in CH;CN and treated with 0.4 pg trypsin in 10 pL
of 50 mM NH,HCO; for 12 h at 37 °C with shaking. The
solution was placed in a clean tube and treated with 50 uL of
1% formic acid at 30 °C for 30 min under agitation. The
digestion solution was then lyophilized and suspended in 30
uL of 0.1% trifluoroacetic acid and 4% acetonitrile for LC-
MS/MS analysis. 5 pL of sample was injected into a Q
Exactive HF-X mass spectrometer with a Thermo EASY-nLC
system for analysis. MS data were acquired automatically
using Analyst QS 1.1 software (Applied Biosystems), following
a MS survey scan over m/z 350-1500 at a resolution of 60000
for full scan and 2000 for MS/MS measurements.

The LC-MS/MS data were compared with the protein
database downloaded from the molluscan category in the
NCBI database using a Mascot 2.1 search engine with
carbamido-ethylated cysteine as a fixed modification and
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Fig. 1 Global compositions of the ASM of P. placenta shell. (a)
Desalting the ASM solution using a HiTrap™ desalting column; the UV
plot represents the absorbance intensity at 280 nm, which indicates
the intensity of the ASM of the elution. (b) SDS-PAGE fractionation of
foliated layer ASM; the ASM reveals various distinct proteinaceous
bands (P1-4) that were further investigated by proteomics. (c) Amino
acid compositions of the ASM from the P. placenta shell. *Values are
expressed by the quotient of the amount of amino acid and that of the
reference of the standard amino acid mixture.

oxidized methionine and tryptophan as variable
modifications. No other post-translation modification has
been performed. Notably, a newly assembled Crassostrea gigas
genome uploaded by the Chinese Academy of Sciences was
available, which highly increased the number of identified
proteins. The peptide MS and MS/MS tolerances were set to
0.5 Da. Finally, sequences with mascot scores of at least 5.0
and with at least two matched peptide fragments were

considered as valid data.

2.4 Amino acid composition

In preparation for amino acid analysis, the ASM was
hydrolyzed under vacuum in 6 M HCI at 110 °C for 24 h.
Samples and amino acid standards (Sigma) were analyzed on
a Hitachi L8900 automated amino acid analyzer and
quantified by ninhydrin reaction.

2.5 Potentiometric titrations

The pre- and post-nucleation stages of CaCO; were
investigated by titration assays, in which both the Ca**
potential and the pH of the solutions were collected with
time. For this purpose, a fully automated commercial system
provided by Metrohm (Filderstadt, Germany) was used. The
setup consisted of a Titrando 907 titration device with two
Dosino 800 dosing units. A polymer-based ion-selective
electrode (ISE, Metrohm no. 6.0510.110) and a flat-membrane
glass electrode (Metrohm no. 6.0262.100) were used to
monitor the free Ca*" concentration and pH, respectively.

This journal is © The Royal Society of Chemistry 2022
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Carbonate buffers with a pH of 9.00 were prepared by mixing
10 mM solutions of sodium carbonate and sodium
bicarbonate in appropriate ratios. The protein solutions were
extensively desalted using a 5 mL desalting column
(HiTrap™ GE, USA) against Milli-Q water. Eventually, the
protein concentration was adjusted to 0.01 mg mL . For
measurement, 25 mL of carbonate buffer (with or without
protein) was filled into a beaker, and 0.01 M CaCl, solution
was titrated at a rate of 0.01 mL min ' while automated
counter-titration of 0.01 M NaOH was applied to keep the pH
of the buffer constant at 9.00 + 0.05. Calibration of the Ca*"
ISE was achieved by titration of 0.01 M CaCl, into water
under the same conditions. In general, ISE calibration is
performed by correlating measured calcium potentials,
U(Ca®"), with known analytical Ca** concentrations, ¢(Ca*"),
using a Nernstian approach.® It can be described as

U(ca*) = U+ Infe(ca’)] (1)

where U(Ca™) is the measured potential, U, is the electrode
intercept, R is the gas constant, T is the temperature, and F is
the Faraday constant. Eqn (1) is transformed into:

In[¢(Ca*")] = a + b-U(Ca>") (2)

The values of the intercept a and the slope b of eqn (2) were
obtained from the linear fit of the calibration data. All
solutions were prepared with water of Milli-Q quality. During
titrations, the beakers were continuously flushed with a
gentle stream of nitrogen to avoid CO, uptake from the
atmosphere.

2.6 In vitro crystallization experiments in aqueous solution
with ASM

CacCl, solutions of 5 mM were prepared and then preserved
in a refrigerator at 4 °C. The aqueous solutions containing
the ASM were prepared with a concentration of 2 mg mL™"
and then frozen at -80 °C. Calcium carbonate crystals were
precipitated in the desiccator by a gas diffusion method.®
For a standard in vitro precipitation experiment, a glass
beaker containing 10 g (NH,),CO; and two small glass
beakers containing 1 mM H,SO, solution were kept inside a
desiccator, and 5 mM of CaCl, solution with 10 pg mL™" ASM
was kept in a bottle; small pieces of the inner shell surface of
P. placenta or glass were put at the bottom of the bottle,
which was covered with Parafilm punched with needle holes
and then put in a desiccator. After a certain reaction time,
the precipitates in the solution or on the surfaces of shells or
glass were collected, washed, and dried at room temperature
for later characterization.

2.7 Preparation of Cy5-labelled proteins

Proteins (1 mL, 2 mg mL™") were mixed with 100 pL Cy5
(dissolved in Milli-Q water, 1 mg mL™") and then the solution
was incubated for 30 min. The labeled ASM was desalted into

This journal is © The Royal Society of Chemistry 2022
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DDW using a HiTrap™ desalting 5 mL column in an AKTA™
protein purification system (GE, USA). The entire process was
conducted in the dark. The final proteins are designated as
Cy5-ASM.

2.8 Characterization

The precipitates collected from the solutions or on the
substrates at the bottom of the reaction solution after a
certain time were characterized by using polarized light
microscopy (OLYMPUS, BX53, Japan), field-emission
scanning electron microscopy (SEM, JEOL JSM-7500F, Japan)
at an accelerating voltage of 15 kV, transmission electron
microscopy (TEM, JEOL 2010F at 200 keV), and confocal laser
scanning microscopy (CLSM, Nikon N-SIM, Japan) at 645 nm.
Dynamic light scattering (DLS, Zetasizer Nano ZS-90) was
applied to characterize the solutions at the very early stage of
the in vitro reaction systems.

3 Results
Analysis of the ASM of the shells

An efficient on-line desalting process using molecular weight
cut-off centrifugal filtration was applied to analyze the global
compositions of the ASM of P. placenta shells in this study.
An on-line desalting AKTA™ protein purification system was
employed for simultaneous desalting and detection of the
ASM. Fig. 1a indicates that the ASM and salt were efficiently
separated on the HiTrap™ desalting column. The ASM were
harvested and condensed by ultrafiltration and SDS-PAGE.
The ASM extracted from foliated calcite shells of P. placenta
were stained with Coomassie brilliant blue and exhibited a
few distinct proteinaceous bands via SDS-PAGE (Fig. 1b).
SDS-PAGE indicated proteins with abundant bands at 40-50
kDa, 30-40 kDa, and 20-30 kDa, as well as the presence of a
blue smear throughout the entire lane, which indicate that
part of the ASM proteins were degraded in SDS-PAGE.

The ASM was enriched with amino acids such as Gly, Asp
and Ser (Fig. 1c). These proteinaceous bands were further
investigated by LC-MS/MS for protein identification. A set of
sixteen proteins were identified from the ASM of the foliated
calcite of P. placenta shells according to the LC-MS/MS
analysis and C. gigas genome indexed in the UniProt
database (Table 1). The identified proteins were roughly
divided into five categories based on the protein domain
analysis and their putative functions: (1) calcium-binding
proteins: EF-hand calcium-binding domain-containing
protein 6 (EFCB6), hemicentin-1 and epidermal growth
factor-like domains protein 6 (EGFL6); (2) framework-
associated proteins: chitin-binding type 4 domain-containing
protein (ChBD4), chitin synthase, collagen-like, collagen
alpha-1(IV) (COL4-a1) and von Willebrand factor A (VWA); (3)
potential mineralized protein: elongation factor 1-alpha (EF1-
a); (4) immune-related proteins: Clq domain-containing
protein (C1gqDC); (5) other proteins: heat shock 70 kDa
protein (HSP70), WD repeat-containing protein 34 (WDR34),

CrystEngComm, 2022, 24, 7200-7215 | 7203
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Table 1 Proteome analysis for the ASM from the shell of P. placenta®
MwW
Accession Description Protein domain (kDa) Function Ref.
K1R9E2  EF-hand calcium-binding EF-hand 20.7 Ca®"-binding 67
domain-containing protein 6 (EFCB6)
K1QTK8 Multiple epidermal growth factor-like EGF-like 14.5 Cell adhesion, signaling, 68
domains protein 6 (EGFL6) and Ca**-binding
K1R2P7  Hemicentin-1 Immunoglobulin-like 43.5 Ca®"-binding 69
(Ig-like)
K1QGM1 Chitin synthase Myosin motor 27.1 Involved in metabolism of chitin 70
K1QEO7  Chitin-binding type- 4 domain-containing Chitin-binding type- 4 24.7 Binding chitin scaffolds 71
protein (fragment) (ChBD4)
K1Q335  Collagen-like protein 7 Collagen 23.8 Structure protein for the nucleation 72,
K1RH30 Collagen alpha-1(IV) (COL4-a1) 160.8 of calcium carbonate 73
K1P6L3  Von Willebrand factor A and EGF VWA, EGF 80.6 Binding collagen, binding chitin; 68,
domain-containing protein (VWA and EGF) crystal morphology 74
K1REU8  Von Willebrand factor A and EGF 25.3
domain-containing protein (VWA and EGF)
K1QGS8  Elongation factor 1-alpha (EF1-o) EF1_GN 50.4 Involved in biomineralization 75
K1PDEO  C1q domain-containing protein (C1qDC) Complement 1q (C1q) 31.9 Immune-related molecules 76
K1QWRO Heat shock 70 kDa protein (HSP70) HSP70 67.6 Assist in the folding of nascent 77
proteins
K1P6U6  F-box/WD repeat-containing protein 7 Trp-Asp repeat (WD repeat) 91.9 Serve as scaffolds in assembling 78
(FBXW7) functional complexes
K1R5F1 WD repeat-containing protein 34 (WDR34) 56.1
K1RPB4 WD repeat-containing protein 91 (WDR91) 75.4
K1RE93 WD repeat-containing protein 87 (WDR87) 21.9

“ The first column is the accession number of the protein, which could be indexed in the UniProt database.

WD repeat-containing protein 91 (WDR91), WD repeat-
containing protein 87 (WDR87).

Titration analysis

The influence of the ASM on the stability of amorphous
calcium carbonate (ACC) was investigated by using titration
analysis. 0.01 mol L' CaCl, solution was added to Na,CO,
buffer solution at a constant rate of 0.01 mL min ', while
the pH of the buffer was kept constant at 9.00 by
automated counter titration of NaOH aqueous solution. The
potentials of the CaCl, solution with known concentrations

& ; - - - Added Ca®*
I ——0 pg/mL ASM
1.04 1 ——0.1 ung/mL ASM
? 1 ——0.2 pg/mL ASM
S 084 1 — (.3 ug/mL ASM
~ I
a, 064 1
o 1
20441
(5] ' i
024! oo T
i by I
0.0 —— ; . ; ; .

0 2 4 6 8 10 12 14
Caaq (Ca*) /107 M

b

were collected and math fitting was done by using eqn (2).
On that basis, the free Ca®* concentrations in the carbonate
buffer were obtained from the measured potentials and eqn
(2) by dosing CacCl, solutions with unknown concentrations
into the carbonate buffer. The dashed black line in Fig. 2a
represents the concentration of Ca®>" added to the carbonate
buffer at pH 9.0. The free Ca** concentration shown in the
Y-axis was tracked and calculated according to the
potentials measured by an ion-selective electrode via eqn
(2), while the X-axis shows the Ca®* concentration added to
the solution, [c,qa(Ca®")], which increases at a constant rate
with time.

164 ——0 pg/mL

144 —0.1 pg/mL ASM
——0.2 ug/mL ASM
121 —0.3 pg/mL ASM

Crree(Ca?")¥Cpoo(COT) 1 10°8 MP
0

0 2 4 6 8 10 12 14
Cuaq (Ca¥) /10 M

Fig. 2 Potentiometric titration assays in the presence of the ASM with different concentrations. (a) Development of the free Ca* concentration as
a function of the added Ca®* concentration. The dashed black line represents the concentration with Ca* during titration. (b) Corresponding free
ion solubility products, calculated under the assumption that Ca?* and CO3?” bind in equimolar ratios in both the pre- and the post-nucleation
stages. Dotted lines of different colors indicate the solubility of the initially precipitated phase in the presence and absence of the ASM. | depicts
the prenucleation stage, Il the nucleation stage, and Ill shows the CaCOs particle growth stage.
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Linear increase of the free Ca?" concentrations,
[ciee(Ca®)], can be observed while the added Ca*"
concentrations [c,qq(Ca®")] were low (Fig. 2a, stage I). It can
be seen that the free Ca®" concentrations increased linearly
and reached a maximum while [c,q4(Ca®")] increased to some
certain values. It is supposed that no precipitate or
prenucleation of CaCO; formed in the solution before
[caaa(Ca®")] reached a maximum. The [cgeo(Ca®")] decreased
with a sharp slope until it reached a plateau region, which
indicates that the free Ca®*" concentrations were quickly
consumed by precipitation, and quick crystal nucleation
formed at this [c,qq(Ca®")] window (stage II). Nucleation
occurs when a critical point is reached and the amount of
free calcium drops to a value that corresponds to the
solubility of the precipitated phase.

A(CO35q.2~ )pH [Meoral (carbonate, t = 0) = Mpound (Ca*, £)]
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nucleation times for the samples increased from 3417 s to 7733
s while the ASM concentrations increased from 0.1 ug mL ™" to
0.3 pug mL™", which indicate that the ASM has the ability to
stabilize the prenucleation -clusters or the intermediate
amorphous precursor CaCO; in the solution®>*"®* (Table 2).
This time interval difference can be quantitated by a retardation
factor (F), which is the quotient of the average nucleation time
in the presence of the ASM and the solution without the ASM
(Table 2). The retardation factor increased dramatically from 1.5
to 2.3 with increasing ASM concentrations.

Furthermore, titration experiments allow for a quantitative
determination of the solubility of the precipitated particles. For
the corresponding solubility product constant (Kgp) of CaCOs,
the product of free calcium and carbonate ions
[Ctree(Ca*)-Ciree(CO5”)] is written as follows:*”

Ctree (Caz+) *Ctree (COSZ - ) = Cfree (CaZJr) .

The maximum [cgeo(Ca®")] in the solutions increased from
0.82 x 10* M to 1.17 x 10~* M, while the ASM concentrations
added to the carbonate solution increased from 0.1 ug mL™" to
0.3 ug mL ™", The higher the ASM concentrations, the higher the
maximum [ce.(Ca*")] in the solution. It is known that biological
calcium carbonate mineralization utilizes a nonclassical
nucleation scheme that involves the initial formation of
nanometer-sized prenucleation clusters (PNCs) that assemble
into larger clusters of amorphous calcium carbonate
(ACC).5*"781 The post-nucleation solubility product decreases
relative to the reference state yet still indicates the formation of
an ACC mineral phase.’*®" In the prenucleation stage (stage I),
the binding of Ca®* in ion pairs and/or large ion clusters is
evident from the difference of added and free Ca*"
concentrations, as described in detail elsewhere.® At some
critical point, the nucleation of a second phase (ACC) takes
place and the [cge.(Ca®")] decreases quickly and eventually levels
off at a plateau (stage II). The slope of the free Ca** development
in the prenucleation stage thereby reflects the thermodynamic
equilibrium constant of PNC formation.®” In comparison to the
control curve for the solution without the ASM, the slopes for
the free Ca®* concentrations do not change significantly with
the increase of the concentrations of the ASM (Fig. 2a), which
suggests that the ASM does not interfere with the formation
equilibria of PNCs at all tested concentrations.

The [caqa(Ca*")] shown on the x-axis for the titration assays
plots can be changed with time since the Ca** was added at a
constant rate to the solutions (Fig. S1f). Corresponding

(3)

v(t)

where A(CO; ,q> ) is the pH-dependent fraction of carbonate,
Nbound(Ca™", ¢) is the moles of bound calcium ions. 4(CO;z 2q> )pu
in eqn (3) is calculated according to eqn (4):

c(HT)? N c(H") 1

A (CO3,aq'2 - ) = m K2

pH

(4)

The acid constants are given by pK; = 6.35 and pK, = 10.33. K;
and K, are the first and second dissociation constants of the
carbonate buffer. The concentration of hydrogen ions is given
by pH = -log[c(H")]. Thus, after nucleation, the solubility
product constant (Kp) of CaCO; can be obtained by using the
above equations and the concentrations obtained via titration
tests. Fig. 2b shows the variation of the concentration products
of free calcium and carbonate ions (Cgee(Ca**)-cree(CO5”)) with
the increase of the [c,qq(Ca*")] and the protein concentrations,
while the junction points of the second stage (the nucleation
stage) and the third stage (the growth stage) indicate the K, of
CaCOs; of the systems. The concentration products shown in the
Y-axis were obtained from measuring free concentrations of
Ca”" with the ion-selective electrode and calculating the CO5>”
concentrations via eqn (3), while the X-axis shows the increase
of the Ca®>" concentration added to the solution. The K, of
CaCO; in the solution without protein was 3.1 x 10~® M?, which
is consistent with the reported solubility of ACC with a calcite
short-range order in the literature.® The K, of CaCO; in the
solution in the presence of 0.1 pg mL™" ASM was 4.5 x 10°® M?,
The K, of CaCO; was increased from 6.0 x 10 M>to7.2x10°®

Table 2 Calcium potentiometric titration data obtained for the ASM and reference (protein deficient) samples

Concentration of ASM Nucleation time (s)

Retardation factor F

Prenucleation slope (M s™) Kp/solubility (M?)

Reference (0 ug mL™") 3417 —
0.1 ug mL™" 5125 1.5
0.2 ug mL™ 6115 1.8
0.3 ug mL™" 7733 2.3

This journal is © The Royal Society of Chemistry 2022

1.66 x 10 *° 3.1x10°8
1.60 x 10°*° 45%x1078
1.58 x 10 *° 6.0 x 10°®
1.51x107* 7.2%x10°8
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M?, while the concentrations of the ASM increased from 0.2 g
mL ™" to 0.3 ug mL ™" (Table 2). The Ky, value of ACC in solution
in the presence of Asp at pH 9.00 was about 4-5 x 10°® M>.%*
The high K, values of CaCO; in the solutions with the ASM
indicate the formation of the intermediate phase, or amorphous
phase. The higher the concentration of the ASM, the higher the
K, values, and the higher the stability of the ACC phase, which
is consistent with the literature.®***” This was consistent with
previous reports for small ubiquitin-like modifier, a glycine-rich
region with K, = 5.96 x 10°° M” at 1 mg mL™".*” Very high K,
values have been reported in the systems with a polymer-
induced liquid precursor (PILP) phase by using additives such
as sodium triphosphate (Ky, =~ 40 x 10°® M” at 0.1 mg mL™")
and poly-(aspartic acid) (Ksp = 20 x 10™° M* at 0.1 mg mL").%
Finally, our results suggest that the ASM considered here can
stabilize ACC phases.

Effect of the ASM on the early stage of the in vitro
crystallization of CaCO;

Interaction with Ca®>" is an important characteristic of
calcification-related proteins. Thus, the possible Ca**-binding
ability of the ASM was investigated by simple mixing. The
Tyndall effect can be observed from the CaCl, solution mixed
with 10 ug mL™ ASM, while no Tyndall effect existed in the
ASM solution or CaCl, solution (Fig. S2at). The Tyndall effect
in the CaCl, solution mixed with 10 ug mL™ ASM indicates
that aggregates are formed by Ca** and the ASM in the CaCl,
solution. The aggregates were collected with centrifugation
and washed with double-distilled water (DDW) and
characterized by using TEM and selected-area electron
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diffraction (SEAD) (Fig. S2bt). It shows that the aggregates
are composed of interconnected sheet-like and fibrous
structures with some dark nanoparticles, which are
amorphous phase according to SAED. Energy-dispersive
spectroscopy (EDS) analysis indicates the presence of C, N, O
and Ca in the aggregates (Fig. S2c¢ and df). Thus, it is
proposed that the agglomerates are complexes of protein and
Ca*". The Tyndall effect of the CaCl, solution with the ASM
disappeared when ethylenediaminetetraacetic acid (EDTA)
was added to the mixed solution (Fig. S2at), which indicates
that aggregates composed of complexes of protein and Ca**
disappeared since EDTA can decompose proteins.

As for the standard conditions, calcium carbonate
crystallization experiments were carried out in an aqueous
solution with 5 mM CaCl, and 10 ug mL™ ASM at room
temperature by using a gas diffusion method. Generally, P.
placenta shells with polished inner surfaces and a size of
about 5 mm X 5 mm were put at the bottom of the beakers
with the reaction solutions. The precipitates formed in the
solutions at the early stage were collected by centrifugation,
washed with DDW and characterized by TEM, SAED and
SEM. Dark nanoparticles with a size of about 20 nm and a
fiber-like structure in gray can be observed after 20 min of
reaction from the TEM image, which were in the amorphous
phase according to SAED (Fig. 3a). EDS analysis indicates
that the atomic ratio of O and Ca is 3:1 (Fig. S3t), very close
to that in CaCOj;, which is much lower than that of O and Ca
of the complexes of ASM and Ca** formed before the addition
of ammonium carbonate in Fig. S21 (21:1). The fiber-like
structures are complexes of ASM and Ca** ions. The spherical
nanoparticles are much darker than the fiber-like structures.

=
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Fig. 3 TEM images and DLS results of the obtained nanoparticles collected from the reaction solutions after certain reaction times under
otherwise standard conditions. (a and d) 20 min, (b and e) 40 min, (c and f) 1 h. Inset images in the TEM micrographs are selected-area electron
diffraction patterns obtained for the center area of the TEM images, which show an amorphous pattern.
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Dynamic light scattering analysis indicates that there are two
kinds of particles with sizes of about 20-30 nm and 500-1000
nm (Fig. 3d), supposed to be the spherical nanoparticles and
fiber-like structures in Fig. 3a. More nanoparticles and less
fiber-like structures formed in the solution while increasing
the reaction time to 40 min and 1 h, which are in the
amorphous phase according to SAED (Fig. 3b and c).
Interestingly, only isolated spherical nanoparticles appeared
and the fiber-like agglomerates disappeared after 60 min of
mineralization (Fig. 3c). The sizes of the nanoparticles
increased from 30-50 nm to 40-60 nm while increasing the
reaction times from 40 min to 1 h and only one kind of size
can be observed after 1 h (Fig. 3e and f). Based on the above
TEM and SEM analyses, we propose that the spherical
nanoparticles are amorphous calcium carbonate (ACC), since
ammonium carbonate was present and CO, would diffuse
into the reaction solutions. Fiber-like complexes of ASM and
Ca®" jons transferred to ACC in the solution in the presence
of CO, after 1 h.

The reaction solution was still clear and the Tyndall effect
can still be observed in the solution after 2 h of reaction
(Fig. 4a, inset). The precipitates collected after 2 h of reaction
show uniform spherical nanoparticles with a size of about 50
nm (Fig. 4a). Meanwhile, the nanoparticles after 2 h of
reaction were still in the amorphous phase according to the
SAED pattern (inset of Fig. 4b). The FTIR spectrum shows the
split vibration band at around 1500 cm™ and the band at
865 cm™', which are assigned to the asymmetric stretching
(v3) and out-of-plane bending (v,) of the carbonate groups of
ACC, respectively.®® The FTIR spectrum shows a direct proof
that the nanoparticles formed at the early stage of the
reaction (20 min-2 h) are ACC. Polarized light microscopy
images indicate that the nanoparticles obtained after 2 h
have no birefringence feature but transformed to crystalline
particles with an obvious birefringence feature after they were
kept in an environment with 100% room humidity (RH) at
room temperature for 48 h (Fig. S4t). The transformation
from non-birefringence to birefringence under 100% RH is
another proof that the nanoparticles are ACC.> The
nanoparticles from the solution were collected and observed

View Article Online
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with TEM imaging and diffraction from 4 h to 8 h in the
presence of 10 ug mL™ ASM (Fig. S5%). Interestingly, they
were apparently amorphous (SAED pattern in Fig. S5t). In
addition, almost no nanoparticles were observed on the shell
surfaces of P. placenta from 0 h to 8 h (Fig. S6f). These
results indicate that the ASM can stabilize ACC
nanoparticles.

Effect of ASM on the in vitro crystallization of CaCO; on the
shell surfaces

To track the formation process of CaCO; on the shells, the
precipitates formed on the shell surfaces of P. placenta after
different reaction times were characterized by SEM. The shell
surfaces are smooth and clean, and no nanoparticles can be
observed on the shell surfaces under SEM after 10 h of
reaction time (Fig. 5a,-a,), similar to the SEM images of the
shell surfaces from 0 to 8 h (Fig. S6f). However,
rhombohedral calcite crystals in micrometer size were
formed after 30 min on the shell surfaces in solution in the
absence of the protein (Fig. S77).

Nanoparticles with sizes from 20 nm to 40 nm can be
clearly seen on the edges of the foliated calcite laths of P.
placenta and most areas of the surfaces of the calcite laths
are free of nanoparticles when the reaction time was 10.17 h
(Fig. 5b;-b,). The amounts and sizes of the nanoparticles on
the edges increased and the amount of the nanoparticles
with big sizes (~50 nm) increased while the reaction time
extended to 10.33 h (Fig. 5c¢,—c,). No specific faces can be
seen from the spherical nanoparticles.  Obvious
rhombohedral morphology can be observed on the shell
surfaces when the reaction time was extended to 10.5 h,
marked with arrows (Fig. 5d;-d,;). We assumed that these
nanoparticles with rhombohedral shapes are calcite
nanocrystals formed on shell surfaces, and we assume that
the spherical nanoparticles observed in Fig. 5b;-b, and c¢;—cy,
formed 10 or 20 min earlier than those in Fig. 5d,;-d,, might
be crystalline calcite nanoparticles which formed via
secondary nucleation, which still have no observable
rhombohedral shapes at the very early forming stage. We

C 1396
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865
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2000 1800 1600 1400 1200 1000 800
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Fig. 4 Characterization of the obtained nanoparticles collected from the reaction solutions after 2 h of reaction time under otherwise standard
conditions. (a) SEM image. Inset: the solution exhibited a Tyndall effect, which clearly indicates the presence of significant amounts of
nanoparticles in the solution. (b) TEM image. The inset shows the corresponding SAED pattern of the nanoparticles which indicates that they are

amorphous. (c) FTIR spectrum.
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O um | 2 100 nm

10 um
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Fig. 5 SEM images of the formation process of CaCOz on the shell
surfaces of P. placenta after different reaction times under otherwise
standard conditions. (a;-a4) 10 h, (b;-by4) 10.17 h, (c;—c4) 10.33 h, (d1-dy)
10.5 h, (e1-e4) 10.67 h, (f;-f4) 10.83 h and (g91-g4) 11 h. White arrows
denote the location of representative rhombohedral crystals.

know that ACC nanoparticles with sizes of about 20-50 nm
exist in the solution from 2 h to 8 h (Fig. 4 and S5t) and no
nanoparticles precipitate on the shell surfaces after 10 h
(Fig. 5a;—-a4). This indicates that the ACC nanoparticles in the
solution are very stable for a long time (10 h) and a quick
“secondary nucleation” process triggers the crystallization
process. The rhombohedral particles are larger than 100 nm
when the reaction time was 10.67 h (Fig. 5e;-e,). The
rhombohedral particles have ordered patterns on the shell
surfaces. It can be concluded that these rhombohedral
particles are calcite crystals formed via secondary nucleation
and epitaxial growth which have the same crystal orientation
as the foliated calcite laths of P. placenta.

A lot of rhombohedral calcite crystals with sizes varying
from 200 nm to 2 pm were formed on the short edges of the
foliated calcite laths when the reaction time was extended to
10.83 h (Fig. 5f;-f,;) and the sizes of the rhombohedral calcite
crystals increased to about 8 pm (Fig. 52;-g,)- A uniform layer
of rhombohedral calcite crystals formed on the shell surfaces.

7208 | CrystEngComm, 2022, 24, 7200-7215
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Three smooth {104} planes can be seen on the rhombohedral
crystals, while the other faces are cambered and rough.
Layered structures with cambered steps can be seen on the
rhombohedral crystals. We assume that these cambered steps
were formed due to the presence of the ASM, similar to the
role of organic molecules reported in the literature,*%" %2
considering that rhombohedral calcite nanocrystals with
maximum sizes of about 100 nm were formed on the shell
surfaces after 10.5 h when the ASM concentration in the
solution was 10 pg mL™". The ACC nanoparticles were kept in
the amorphous phase from 1 h to 8 h according to the TEM
images and SAED patterns. However, calcite microcrystals
with a size of about 10 um were formed after 30 min on the
shell surfaces in the solution without the ASM. Thus, it is
clear that the ASM can strongly inhibit the nucleation of
calcite crystals. Once the secondary nucleation started and
nanoparticles precipitated on the shell surfaces, after 10.17
h, the crystal growth is a very fast process. It took about 20
min for the nanoparticles to grow from 50 nm (10.5 h) to 2
pum (10.83 h), while it took another 10 min for the crystals to
further grow to about 8 pm. We consider that the fast growth
process also contributed to the strong stabilization ability of
ASM for ACC, and a large amount of ACC was stored in the
solution until the secondary nucleation was triggered and the
growth became an explosive process.”

Fig. 6a shows the SEM image of the pure shell of P.
placenta with smooth and clean foliated calcite laths before
in vitro CaCOj crystallization. The shells of P. placenta before
and after the in vitro crystallization process have strong
diffraction peaks of {104} and {1010}, indicating the strong
crystalline orientation of the shells of P. placenta and the
rhombohedral calcite microcrystals grown on the shell
surfaces (Fig. 6c¢). Patterns of oriented calcite microcrystals
with {104} faces parallel to each other can be observed in the
SEM images in Fig. 5g; and 6b. The crystal orientation results
from PXRD are consistent with the SEM results, which
exhibit oriented calcite microcrystals grown on the shell
surfaces via a secondary nucleation and epitaxial growth
process. The calcite crystals grown on the shell surfaces were
scraped and characterized with TEM and SAED, which show
(104), (110), and (014) planes of the single crystalline calcite
diffraction pattern (Fig. S87).

Distribution of ASM in calcite crystals

According to the above results, ASM can stabilize ACC in the
solution and inhibit the nucleation of calcite crystals. Also, the
in vitro synthesized calcite crystals became rounded and part of
the {104} faces disappeared. It is proposed that ASM stabilized
some particular planes and thus induced the formation of
rounded calcite crystals with “imperfect” {104} faces. To
understand whether ASM occludes in the calcite crystals or
adsorbs on particular crystal planes of calcite during the in vitro
crystallization process, ASM was labeled with fluorescent dye
Cy5-NHS ester (Cy5-ASM) and then applied as an additive to the
in vitro crystallization process under similar conditions. The

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 PXRD characterization of the CaCOs formed on the shell surfaces of P. placenta after 11 h of reaction time under otherwise standard
conditions. SEM images of the shell before (a) and after (b) in vitro CaCOs crystallization. (c) PXRD patterns of the shell substrates in (a) and (b).

crystallization time was set as 11 h. To rule out the influence of
Cy5 dye on the crystallization, in vitro crystallization was also
done by using Cy5 as an additive, instead of ASM, under similar
conditions. All the samples obtained after 11 h of reaction time
were characterized by using confocal laser scanning microscopy
(CLSM) at an excitation wavelength of 645 nm (Fig. 7). The
bright-field images show the formation of calcite microcrystals
on the shell surfaces (Fig. 7a,—c,). No fluorescence signal was
observed from the two samples precipitated in the presence of
Cy5 dye or unlabeled ASM (Fig. 7a;-a; and b;-bs). In
comparison, fluorescence signals can be observed from most of
the calcite microcrystals on the shell surface (Fig. 7c3). A
zoomed-in image of one calcite crystal is shown in the
inset of Fig. 7c;. To further investigate whether Cy5-ASM
was occluded in the calcite crystals, CLSM images with
different depths were collected on one calcite crystal and
thus the 3D distribution of fluorescence signals can be
given by these CLSM images. Two CLSM images show
uniform fluorescence signals on the two orthogonal
transverse cross sections (Fig. 7c, and cs), which indicates
that Cy5-ASM  distribute  uniformly in the calcite
microcrystals. CLSM images along other cross sections show
a similar homogenous fluorescence intensity. These CLSM
results clearly imply that the ASM indeed occludes into the calcite
crystals without specific adsorption on particular crystal planes.
CLSM characterization was also applied to track the location
of ASM in the calcite crystals during the whole in vitro
crystallization process by using Cy5-ASM as an additive (Fig. 8).
CLSM images show that slight fluorescence signals were
noticeable on the edges of the foliated calcite laths of the inner
shell surface of P. placenta after 10.17 h (Fig. 8a;-ay).
Considering that the nanoparticles precipitated on the shell
surface in the SEM images in Fig. 5b;-b,, it is assumed that
ACC nanoparticles precipitated together with ASM on the shell
surfaces. The fluorescence signals became stronger and the size
with strong fluorescence signals increased while extending the
reaction time from 10.17 h to 10.83 h (Fig. 8b;-e;). The
fluorescence signals increased with the growth of the calcite
crystals on the shell surfaces, clearly indicating that ASM is
involved in the whole crystal formation process (Fig. 8bs—e3).

This journal is © The Royal Society of Chemistry 2022

Thus, the CLSM images further confirmed that ASM is not just
adsorbed on the crystal surfaces but actually occluded inside
the crystals.

645 nm

Cy5s

10 um |

ASM

10 pm

Cy5-ASM

10 pm

Fig. 7 CLSM of the CaCOs3 formed on the shell surface of P. placenta
in the presence of different additives after 11 h of reaction time under
otherwise standard conditions. (a;-az) Cy5, (b;-bs) ASM, (c;-c3) Cy5-
ASM. Inset: the CLSM of one calcite crystal shown in (c3). (a;—cq)
Images obtained at 645 nm laser excitation. (a;-c,) Images obtained at
bright field. (az-c3) Merged images obtained from the CLSM images
and bright-field images. (c4 and cs) 3D confocal images of the two
orthogonal transverse cross sections are obtained from (Cs inset), as
indicated by dotted blue arrows.
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Fig. 8 CLSM of the formation process of CaCOs on the shell surface of P. placenta after different reaction times under otherwise standard
conditions. (a;—az) 10.17 h, (b;-bs) 10.33 h, (c;—c3) 10.5 h, (d;-d3) 10.67 h, (e;—e3) 10.83 h. (a;—e;) Images obtained at 645 nm laser excitation. (a,-e,)
Images obtained at bright field. (as-e3z) Merged images obtained from the CLSM and bright-field images. White arrows denote the location of

representative fluorescence signals, respectively.

Functions of different concentrations of ASM

The in vitro crystallization process was also allowed to
proceed for 12 hours by changing the concentrations of
ASM under otherwise standard conditions (Fig. 9). Calcite
crystals formed on the shell surfaces in the absence of the
protein show perfect rhombohedral morphology with well-
developed {104} faces (Fig. 9a;-a;). In comparison, the
crystals in the ASM group show significant changes in
crystal morphology. Calcite crystals grown in a solution
with 5 ug mL™ ASM were also rhombohedral with very
minor edge truncations (Fig. 9b;-b;). The calcite crystals
formed on the shell surfaces became rounded with
increasing concentrations of ASM in the solution (Fig. 9¢;—
c; and d;-d;), indicating that the ASM can stabilize other
planes instead of the thermodynamically stable {104}
planes. Fig. 10 shows the Raman spectra of four kinds of
calcium carbonate crystals formed on the shell surfaces in
the presence of ASM with different concentrations,

7210 | CrystEngComm, 2022, 24, 7200-7215

corresponding to the samples shown in Fig. 9. As shown in
Fig. 10, the three vibration bands at 281 em™, 712 ecm™’,
and 1086 cm™" are typical vibration bands of the carbonate
of calcite.

Fig. S9f shows the SEM morphologies of CaCO; formed
on glass substrates after different reaction times in the
presence of ASM, or after 6 h of reaction time without ASM.
It was shown that rhombohedral calcite crystals in
micrometer size were formed after 6 h on the glass substrate
in solution in the absence of ASM (Fig. S9atf). However, no
particles or crystals can be observed on the glass substrate
after 18 h of reaction time (Fig. S9bf). Rounded calcite
crystals can be observed on glass surfaces after 24 h (Fig.
S9ct), which are similar to that obtained on shell surfaces
after 11 h of reaction time in Fig. 5. These results indicate
that ASM can very strongly inhibit the nucleation of calcium
carbonate on glass substrates, and secondary nucleation
becomes relatively easier, which starts after 10 h of
reaction.

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 SEM images of CaCO3 formed on the shell surfaces of P. placenta in the presence of ASM with different concentrations after 12 h of
reaction time under otherwise standard conditions. (a;-az) 0 pg mL™, (by—bs) 5 ng mL™, (c;—c3) 10 ug mL™, (dy-ds) 15 pg mL™.

4 Discussion

We find that ASM extracted from the shells of P. placenta has
a strong influence on the in vitro CaCO; crystallization
process. Proteomics analysis shows that there are four
framework-associated proteins, three Ca®*"-binding proteins,
one potentially mineralization-related protein and a few other
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Fig. 10 Raman spectra of CaCO3z formed on the shell surfaces of P.
placenta in the presence of ASM with different concentrations after 12
h of reaction time under otherwise standard conditions. Characteristic
Raman bands for calcite are at 281, 712, and 1086 cm™.

This journal is © The Royal Society of Chemistry 2022

proteins in the ASM according to proteomics analysis. The
four framework-associated proteins, Ca**-binding proteins
and potentially mineralization-related proteins are all
probably related to the biomineralization process of the
shells of P. placenta. Four framework-associated proteins
including chitin synthase, chitin-binding, collagen and VWA
domain-containing proteins found in P. placenta were also
reported to be related to chitin assembly and/or the
subsequent biomineralization process.”®”"*?*%” Collagens
have been identified from many molluscan shells including
Mytilus,”>%> Hyriopsis cumingii,”® and Pinctada fucata® and
were reported to be related to the nucleation of calcium
carbonate.”> The VWA domain is a cell adhesion domain
generally found in association with extracellular proteins and
has the ability to bind collagen.®*”*

In addition, three calcium-binding proteins are found in
the shell of P. placenta, including EFCB6, hemicentin-1 and
EGFL6 (Table 1), which were found in a few different mollusk
shells.®®%%987191 ERCB6 plays an important role in calcium
metabolism during shell formation by regulating calcium
uptake, transport, and secretion.’® EGFL6 was first identified
from C. gigas,'*® while EGF-like domains are associated with
biological functions such as cell adhesion, signaling, and
Ca”" binding.®® Hemicentin-1 is found in the coral skeletal
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organic matrix and usually possesses Ca**-binding function
in Lingula.®>® Elongation factor 1-alpha (EF1-a) was highly
expressed in the mantle tissue compared to other tissues in
the pearl oyster Pinctada martensii, which was proposed to
have a potential function for biomineralization.'®

Amino acid analysis indicates that three primary amino
acid residues include aspartic acid (Asp), serine (Ser) and
glycine (Gly) for the ASM from shells of P. placenta (Table 1),
which altogether occupy 44.54 mol%, while there are 64.44
mol% in total for the detected amino acids. Both Ser and Asp
contain carboxylic groups and were reported to inhibit
nucleation of CaCO;.%* Furthermore, it is reported that
proteins with carboxylic groups**'®* or Asprich groups'®*
extracted from mollusk shells can stabilize ACC. Ca*>" can be
concentrated by proteins with carboxylic groups or calcium-
binding proteins.®” Thus, we propose that the Asp and Ser
groups of the ASM may play a primary role in complexation
with Ca®>" and stabilization of ACC. Indeed, complexation of
Ca*>" and ASM can be observed by TEM, EDS and Tyndall
effect before the addition of CO, to the reaction solution.
The ASM was also found to stabilize ACC and inhibit
nucleation according to the titration, TEM, SAED and FTIR
results in this work. Interestingly, acidic biomolecules were
also reported to stabilize amorphous calcium phosphate
(ACP). Albumin and acidic proteins can inhibit calcium
phosphate precipitation and stabilize the amorphous
phase.’® The biomolecule casein phosphopeptide also has a
strong influence on the stabilization of ACP.'**'°” Calcium
ions are bound to the polymers by complexation through acidic
groups such as PAA, poly-Asp and poly-Glu can stabilize
amorphous calcium phosphate and inhibit the hydroxyapatite
nucleation from ACP and crystallization process.'*®

A schematic diagram was drawn to show the formation
process of in vitro crystallization of CaCO; on the shell
surface of P. placenta in Fig. 11. There are few stages for the
in vitro crystallization process. In stage I, a complex of Ca*"

IV Epitaxial growth III' Secondary nucleation

@ CO,

® ACC

\ ASM e Ca** @ Calcite nanoparticle

® Calcite with “imperfect” {104} faces & Shell substrate

Fig. 11 A schematic diagram for the formation process of in vitro
crystallization of CaCOs on the shell surface of P. placenta.
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and ASM form in the solution. In stage II, ACC nanoparticles
with a size of about 30-50 nm form in the solution after 20
min of gas diffusion process, which were transformed via the
complex of Ca** and the ASM. The reaction system proceeds
as stage II from 20 min to 10 h of reaction. In stage III,
calcite nanoparticles of about 50 nm nucleate on the edges of
the calcite laths of P. placenta via secondary nucleation. Stage
IV is the epitaxial growth of calcite crystals on the surface of
the calcite laths of P. placenta, which is a very fast process; it
takes about 50 min for the calcite nanocrystals to grow from
50 nm to 10 um.

The influence of ASM extracted from aragonite or calcite
biominerals such as nacre or prisms of mollusk shells on the
in vitro crystallization of calcium carbonate has been
investigated by many research groups. Biological molecules
can influence the morphology of calcite by adsorbing onto
the kink sites, step edges, or particular faces'®® of calcite.
There might be preferred adsorption or non-specific
adsorption on some crystalline directions, steps or faces of
calcite. Except for adsorption on particular faces or
directions, biological molecules may also be occluded in the
crystals and influence the crystallization process.''® As far as
we know, this is the first report on the influence of ASM
extracted from foliated calcite laths of mollusk shells on the
in vitro crystallization. According to the experimental results,
the ASM extracted from P. placenta has a strong effect on the
stabilization of ACC and inhibition of nucleation. The ASM
can inhibit the (secondary) nucleation of calcite and stabilize
ACC for 10 h and 24 h on the glass substrate and the surface
of foliated calcite laths of P. placenta, respectively. In vitro
crystallization of the calcite system shows that ASM has a
strong influence on the morphology of calcite, and more
rounded calcite microcrystals form and partial {104} faces
disappear while increasing the concentration of ASM.
Spherical or rounded calcite crystals were formed in the
presence of additives.*”"'"" Kim et al. showed that aspartic
acid (Asp) and glycine can be incorporated into calcite single
crystals, induce the formation of sphere-like calcite crystals
and strongly increase the hardness of calcite,* while micelles
can also be occluded and enhance the mechanical properties
of calcite.>® These spherical calcite crystals can also be
formed in the presence of gelatine.” It is clear that the
obtained rounded calcite microcrystals are very different
from the foliated calcite crystals of the shells of P. placenta. A
possible reason is that the ASM does not contain the proteins
which have a key function for the formation of foliated
shapes of calcite. Poly(acrylic acid) (PAA), poly(allylamine
hydrochloride) (pAH) and poly-t-aspartic acid (pAsp) can
inhibit the nucleation and growth of calcium
carbonate.’"*™'* Pif97 from the nacreous layer of P. fucata
with acidic amino acid residues can stabilize ACC and inhibit
calcite growth.*”

Generally, Ca’"-binding and framework-associated
proteins were identified in the ASM of the foliated calcite
layer of P. placenta, which show a strong effect on the
stabilization of ACC and inhibition of nucleation and

This journal is © The Royal Society of Chemistry 2022
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influence the final morphology of calcite by adsorption on
the surface of some step edges or faces and occlusion into
calcite crystals. It would be important to extract these
proteins and investigate their individual functions for
biomineralization via in vitro crystallization of CaCO; in the
future.

5 Conclusions

In this work, sixteen proteins were identified in the ASM
extracted from the shells of P. placenta by proteomics
analysis. Proteomics analysis shows that there are four
framework-associated proteins, three Ca*'-binding proteins,
and one potentially mineralization-related protein, which are
supposed to be related to the biomineralization process. In
addition, the ASM was enriched in Gly, Asp and Ser, which
might contribute to complexation of the ASM and Ca*>" and
stabilization of ACC in the in vitro crystallization system. We
found that the ASM can stabilize ACC and inhibit the
secondary nucleation of calcium carbonate for 10 h on the
shell surface of P. placenta in aqueous solution. An explosive
secondary nucleation and quick crystal growth from 50 nm to
10 um can be finished on the shell surface in one hour, in
between 10 h and 11 h of reaction time, via a gas diffusion
process. Meanwhile, the addition of ASM affects the final
morphology of calcite crystals and leads to the formation of
rounded calcite crystals with “imperfect” {104} faces. The
calcite crystals formed on the shell surfaces become more
and more rounded and lose {104} planes with the increase of
the concentrations of ASM in the solution. CLSM analysis
revealed that the ASM does not adsorb on the crystal surfaces
but actually occludes into the calcite crystals. The above
results might shed light on the functional study of ASM
during biomineralization.
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