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Abstract We report a novel strategy for the biological

synthesis of calcite crystals using the petioles of the plant

Scindapsus aureum. The resultant calcite crystals were char-

acterized by scanning electron microscopy, Fourier transform

infrared (FT-IR) spectroscopy, X-ray powder diffractometry,

and electron diffraction. The biomolecules of S. aureum peti-

oles were confirmed by UV–Vis and FT-IR analysis. The

results showed that the spherical or rhombohedral calcite

crystals were obtained in the cells of S. aureum petioles. Bio-

mimetic synthesis of calcium carbonate (CaCO3) in aqueous

solution containing extracts of S. aureum petioles was also

performed to investigate the soluble biomolecules’ influence on

crystal growth of CaCO3. It was found that twinborn spherical

calcite crystals were formed, suggesting that the soluble bio-

molecules of S. aureum play a crucial role in directing the

formation of calcite spherical particles. The possible mecha-

nism of formation of CaCO3 crystals using S. aureum is also

discussed; the biomolecules of S. aureum may induce and

control the nucleation and growth of CaCO3 crystals.

Introduction

Biological systems are capable of generating inorganic

materials such as calcium carbonate (CaCO3), magnetic iron

oxide, and amorphous silica with exquisite morphology at

ambient temperature in water by the process of biominer-

alization [1]. Biomineralization occurs in many different

species and tissues, including bone mineral, tooth enamel,

and marine shells. Many of the mineralized tissues formed

by organisms have structural and functional value, as well as

advantageous mechanical properties. Mineral growth in

biological systems is directed by assemblies of acidic pro-

teins and/or glycoproteins and is often achieved by inter-

calation of some of the acidic macromolecules into the

crystal lattice [2]. Biomimetic synthesis of CaCO3 crystals

has been studied in great detail due to their abundance in

nature and also their important industrial applications in the

paint, plastics, rubber, and paper industries. CaCO3 often

has three crystalline polymorphs, that is, vaterite, aragonite,

and calcite, in order of increasing thermodynamic stability.

Calcite is thermodynamically the most stable polymorph

and often found in biominerals [3, 4]. In addition, three

metastable forms—amorphous calcium carbonate, crystal-

line monohydrate CaCO3, and hexahydrate CaCO3—have

also been reported recently [5].

A number of biomimetic templates or additives such as

Langmuir monolayers [6, 7], dynamic liquid–liquid inter-

faces [8], self-assembled monolayers [9], lipid bilayer

stacks [10], vesicles [11], functionalized micropatterned

surfaces [12], and proteins extracted from CaCO3-rich

organisms [12] or synthetic molecules such as polymers

[13] have been used for the synthesis of CaCO3. We

obtained calcite, vaterite, and aragonite with various mor-

phologies using different amino acids, Mg2? ions [14], as

well as a new amino-carboxyl-chelating-agent, 4-BAPTA

[15]. Very recently, we have also gained CaCO3 hollow

spheres and disks using bacteria [16], and obtained CaCO3

crystals with complex forms using dextran beneath a

dipalmitoylphosphatidylcholine monolayer [17].
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Elucidation of general biomineralization principles has

followed from studies into the growth of minerals in bio-

logical organisms [2], and on biomacromolecules extracted

from organisms [18]. Sastry and co-workers used fungi,

actinomycetes, and germinating chickpea seeds to synthe-

size biogenic CaCO3 crystals [19–22]. However, biomi-

metic synthesis of CaCO3 crystals utilizing organisms and/

or their extracts is rarely studied. In this article, we show

that the biomolecules, especially the soluble biomolecules

of Scindapsus aureum petioles, can direct the growth of

hierarchical calcite spherical crystals, which are built up of

small subunits. The possible biomineralization-associated

formation mechanism of CaCO3 crystals is also discussed.

This report may represent an advance in developing this

strategy to encompass other organisms and mineral com-

positions and underline the untapped potential of biological

methods in expanding the scope of crystal engineering.

Furthermore, it is very significant for biomineralization

research and green synthesis of functional inorganic

materials.

Experimental

Materials and instruments

Anhydrous calcium chloride (CaCl2), ammonium carbon-

ate ((NH4)2CO3), and ethanol were purchased from

Shanghai Reagent Plant (Shanghai, China), and were ana-

lytically pure. They were used without further purification.

The plant S. aureum (Fig. 1) was purchased from a local

farmer. Double-distilled water was used in all experiments.

The samples were characterized by Fourier transform

infrared (FT-IR) spectroscopy (Nicolet 870, USA) using

KBr pellets over the wave number range of 400–4000 cm-1

with a resolution of 4 cm-1 and X-ray diffractometer

(DX-2000, Japan) using CuKa radiation at a scan rate of

0.06� 2h�S-1. The morphologies of the samples were

observed by scanning electron microscopy (SEM) (Hitachi

X-650, Japan) with an accelerating voltage of 20 kV.

Electron diffraction (ED) of them was carried out on a JEM

model 100SX electron microscope instrument (Japan

Electron Co.) operated at an accelerating voltage at 200 kV.

A UV–Vis double-beam spectrophotometer (Beijing Pur-

kinje General Instrument Co., Ltd, China) was also used.

In vivo synthesis of CaCO3 in the cells of S. aureum

petioles

A petiole of the fresh-gained S. aureum was cut open with a

knife, and the vertical sections of them were examined by

SEM for observing its cells before cultivation. A small

amount of S. aureum petioles were crushed, and then

mixed with solid KBr, dried, and examined by FT-IR

for characterizing their chemical composition. Then, the

S. aureum was watered every morning and every evening

using 50 mL 0.01 M CaCl2 aqueous solution each time.

After watering, the S. aureum was exposed to sunlight for

1–2 h by placing near the open window of our lab. After

20 days of cultivation (plant is shown in Fig. 1), a petiole

of the plant was cut open and the vertical sections of it

were examined by SEM for observing the morphology of

CaCO3 grown in it. Crystal phase of the CaCO3 particles

was determined by ED.

In vitro synthesis of CaCO3 using the extracts

of S. aureum petioles

In order to investigate the influence of S. aureum petioles’

soluble biomolecules on crystal growth of CaCO3, 11.5 g

of S. aureum petioles were washed carefully, and then

immersed in 3% H2O2 solution for 5 min. After that, the

petioles were crushed to extract juice, and the juice was

mixed with proper amount of double-distilled water,

obtaining 50 mL of S. aureum petiole extract aqueous

solution. This solution was first examined by UV–Vis

spectroscopy for understanding the soluble biomolecules of

S. aureum petioles. Then, the solution was mixed with the

same volume of 0.1 M CaCl2 or 0.01 M CaCl2, com-

pletely, obtaining 100 mL of mixed solution containing

S. aureum extracts and 0.05 M or 0.005 M CaCl2. Two

glass beakers containing S. aureum extracts and 0.05 M or

0.005 M CaCl2 solutions were covered with PVC film,

each of which was punched with three needle holes and

placed in a larger desiccator. A 50-mL glass beaker con-

taining 2.0 g of solid crushed ammonium carbonate cov-

ered with PVC film and punched with three needle holes

was placed at the bottom of the desiccator. This desiccatorFig. 1 The plant S. aureum used in our experiments
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was closed and maintained at a temperature of 22–24 �C

for 24 h.

The white precipitates produced in the reaction solution

containing S. aureum petiole extracts were separated by

centrifugation (4,000 rpm), washed three times with dou-

ble-distilled water and ethanol, and then vacuum dried for

further determination.

The size and morphology of the precipitates were

examined by SEM, whereas their crystal phases were

determined by FT-IR spectroscopy or X-ray powder dif-

fractometry (XRD).

Results and discussion

Figure 2 presents SEM images of S. aureum petiole’s

vertical section before and after it was cultivated by using

0.01 M CaCl2 solution. From Fig. 2a, it can be seen that no

obvious inorganic crystals appeared in the cells of S. aur-

eum petiole before it was cultivated. On the other hand,

many inorganic particles are produced in the cells after the

plant was cultivated by using 0.01 M CaCl2 solution for

20 days (Fig. 2b–d). From the magnified images (Fig. 2c,

d), it can be seen that the particles obtained have two kinds

of morphologies, spherical and rhombohedral. The mean

diameter of the spheres is about 2 lm, and the average size

of the rhombohedrons is 2.5 9 1 9 0.5 lm3. The electron

diffraction patterns (insets in Fig. 2d) demonstrate that the

two kinds of particles are both calcite crystals. The above-

mentioned results suggest that CaCO3 can be precipitated

in its most stable form in the cells of S. aureum petiole, and

the biomolecules of the plant petiole may direct the mor-

phology of the calcite crystals obtained.

Figure 3 shows SEM images of CaCO3 particles obtained

in CaCl2 aqueous solution containing extracts of S. aureum

petioles. When the concentration of CaCl2 is 0.005 M, the

CaCO3 particles obtained are twinborn spheres (Fig. 3a).

The average diameter of the spheres is about 9 lm. From the

enlarged image (Fig. 3b), it is evident that surface of the

sphere is very coarse. Careful observation reveals that the

big spheres are constructed from small nanoparticles. The

crystal phase of the CaCO3 is confirmed by FT-IR spectrum.

Figure 4 shows the related FT-IR spectrum of CaCO3 par-

ticles obtained. The peaks located at 712 and 872 cm-1

correspond to the in-plane bending and out-of-plane bend-

ing modes of CO3
2-, respectively, and they are also char-

acteristic of calcite. The peak at 1425 cm-1 is assigned to

the asymmetric C–O stretching vibration and it is also

characteristic of CaCO3. A weak peak at 2514 cm-1 is

characteristic of calcite in accordance with the infrared

spectra of calcite in NIST Chemistry Webbook [17], further

confirming the products are calcite.

Fig. 2 SEM images of vertical

section of S. aureum petiole

before (a) and after (b–d) it

cultivated by using 0.01 M

CaCl2 solution. c and d are

magnifications of (b). The insets
in (d) are ED pattern of the

CaCO3 particles (top right
corner spherical particles,

bottom left corner
rhombohedral particles)
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When the concentration of CaCl2 in the solution con-

taining S. aureum extracts is increased to 0.05 M, twinborn

spherical particles with average diameter of about 9 lm are

produced (Fig. 3c, d). In other words, the products have no

obvious change in morphology and size as the concentra-

tion of CaCl2 is increased. Crystal phase of the products is

determined by XRD. Figure 5 shows that the XRD pattern

of the CaCO3 crystals obtained displays the following

diffraction peaks (2h [�]): 23.01, 29.34, 35.92, 39.38,

43.12, 47.30, and 48.50, which can be correlated to the hkl

indices (012), (104), (110), (113), (202), (024), and (116),

respectively, of calcite (JCPDS card number: 72-1652).

This indicates that the products are also calcite.

Fig. 3 SEM images of CaCO3

particles obtained in different

concentration of CaCl2 aqueous

solution containing extracts of

S. aureum petiole (a, b:

[CaCl2] = 0.005 M; c, d:

[CaCl2] = 0.05 M). b and d are

magnifications of a and c,

respectively
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Fig. 5 XRD pattern of CaCO3 particles obtained in 0.05 M CaCl2
aqueous solution containing extracts of S. aureum petioles
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Fig. 4 FT-IR spectrum of CaCO3 particles obtained in 0.005 M

CaCl2 aqueous solution containing extracts of S. aureum petioles
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The results suggest that the soluble biomolecules of

S. aureum can only influence the nucleation, crystal

growth, and morphology of calcite. On the other hand, they

are not capable of stabilizing the unstable phase of CaCO3

such as vaterite. According to [23], the growth mechanism

of CaCO3 spherical crystals with complex surface struc-

tures composed of small subunits may be as follows. At

first, unstable vaterite nanospheres form, which subse-

quently aggregate to spherical particles. Later, transfor-

mation to calcite beginning on the surface leads to the

formation of calcite nanoparticles on the particle surface.

These nanoparticles then grow at the expense of the dis-

solving vaterite particles by Ostwald ripening.

Petiole of S. aureum is composed of many biomolecules.

We studied its chemical composition by means of UV–Vis

and FT-IR spectroscopy. UV–Vis spectrum of the S. aur-

eum petiole extracts solution is shown in Fig. 6a. The peak

at 210 nm is assigned to the strong absorption of peptide

bonds of protein in the extract, which rose owing to the

stemming from n–p* transition of C=O group. The

absorption at 280 nm is belonged to the p–p* transition of

tyrosine, tryptophan, or phenylalanine residues of proteins.

Therefore, it can be concluded that S. aureum petiole

contains proteins. Figure 6b shows FT-IR spectrum of

S. aureum petioles. The absorption bands at 1640 and

1543 cm-1 are assigned to amide I(mC=O) and II(dN–H) of

protein, respectively, further confirming that they contain

protein(s). The peaks located at 1385, 1317, and

1051 cm-1 may correspond to the chlorophyll macrocyclic

skeleton vibration.

In biological systems, it is widely accepted that highly

anionic, soluble biomacromolecules such as acidic pro-

teins, glycoproteins, and polysaccharides play an important

role in biomineralization, and act as nucleators, growth

modifiers, and anchoring units in mineral formation [2]. It

is evident from above findings that S. aureum petioles

contain certain amount of biomolecules in the form of

proteins. It can be speculated that the biomolecules such as

proteins play a crucial role in defining the morphology of

CaCO3. In our opinion, the growth of the crystals may

proceed in the following manner. In the first step, the Ca2?

ions in the cells or solution reacts with the biomolecules

such as proteins of S. aureum leading to the formation of

stable aggregates. The entrapped Ca2? ions then react with

CO2 produced by the cells of S. aureum petiole or

decomposition of (NH4)2CO3 in situ, thereby forming

CaCO3 crystals. During the growth process of CaCO3

crystals, the biomolecules may adsorb onto certain facets of

the crystals and define the morphology of CaCO3.

According to the nucleation theory [24], the nucleation

rate J depends on the level of solution supersaturation S,

the crystal-medium interfacial energy c, and the pre-

exponential factor A (the value of which is determined by

the rate of attachment of growth units to the aggregating

nuclei) by the relation

J ¼ A exp � 16pc3X2

3k3T3 ln2 S

� �
ð1Þ

where k is the Boltzmann constant, T is the temperature,

and X is the molecular volume. The nucleation rate J of

CaCO3 can increase with the increase in the pre-expo-

nential factor A, reduction in the interfacial energy c, and/

or increase in the supersaturation S. The negatively charged

groups, such as –COO-, of the biomolecules such as pro-

teins can first bind Ca2? strongly to provide nucleation

sites. Then, the enriched Ca2? ions may attract anions

CO3
2- thereby leading to an increase in the rate of

attachment of growth units to the aggregating nuclei A and

supersaturation S, and a decrease in the interfacial energy c
for the formation of CaCO3 nuclei by heterogeneous

nucleation. Consequently, the nucleation rate of CaCO3

crystals is accelerated by the inducement of S. aureum

petiole biomolecules.

400300200
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8(a)

(b)

A
bs

or
ba

nc
e(

a.
u.

)

Wavelength(nm)

2000 1800 1600 1400 1200 1000 800 600

%
T

ra
ns

m
itt

an
ce

780

1051

1317

1385

1550

1640

Wavenumber(cm-1)

Fig. 6 a UV–Vis and b FT-IR spectra of S. aureum petioles
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Conclusions

Biological synthesis of calcite crystals using S. aureum

petioles was studied. The spherical or rhombohedral calcite

crystals were obtained in the cells of S. aureum petioles.

Biomimetic synthesis of CaCO3 in aqueous solution con-

taining extracts of S. aureum petioles was also performed,

suggesting that twinborn spherical calcite crystals were

formed. The possible formation mechanism of the CaCO3

crystals by using S. aureum petioles is discussed, showing

that the biomolecules of S. aureum may induce and control

the nucleation and growth of CaCO3 crystals.
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