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Abstract Using three different amino acids (AAs) as organic matrices, including

the highly nonpolar hydrophobic L-valine, the positively charged L-arginine and the

less polar uncharged L-serine, calcium carbonate (CaCO3) with different morphol-

ogies and polymorphs were synthesized by a facile gas diffusion reaction based on

biomimetic strategy. Compared with the control cubic calcite obtained in the

absence of AAs, the product from L-valine was cubic calcite aggregates assembled

by nano-platelets. The product from L-arginine was spherical vaterite aggregates

assembled by spherical nanoparticles. The product from L-serine was the mixture of

cubic calcite and spherical vaterite. The structures and properties of the side chains

of the AAs exerted the significant effects on the nucleation and growth of the

CaCO3. The formation mechanisms of the CaCO3 in the presence of AAs are

preliminarily discussed. The results suggest that the polymorphs and morphologies

of the inorganic nanomaterials might be easily adjusted through the careful selection

of the organic matrices.
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Introduction

Biominerals are the inorganic phase formed in biological systems and widespread in

nature. The biominerals exhibit special hierarchical structures and important
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biological functions, such as the silica cell wall of the marine diatom, the calcitic

spine of the sea urchin, and the calcitic coccolith of the marine algae [1–8]. The

processes that lead to the formation of the biominerals are called biomineralization.

Based on biomineralization research, novel synthetic methods have been construc-

tured, i.e. biomimetic synthesis. Through the biomimetic synthesis, the crystal

morphologies, polymorphs, and properties can be easily adjusted Therefore, the

biomimetic preparation of the inorganic micro/nano-crystals with specific structures

has attracted tremendous attention, and great efforts have been made to prepare

these structures [9–13]. However, most of the existing methods frequently involve

rigorous experimental conditions, such as high temperature and high pressure,

which severely limit the corresponding practical applications.

As one of the important biominerals frequently found in mammalian hard tissues,

calcium carbonate (CaCO3) exhibits considerable potential applications in various

fields including drug delivery and ion adsorption/exchange owing to its unique

properties, e.g., the biocompatibility, biodegradability, and pH sensitivity [11, 14,

15]. Therefore, the facile synthesis of CaCO3 with specific structures has attracted

tremendous attention. As the building units of proteins, amino acids (AAs) have

amino and carboxyl groups simultaneously. AAs can regulate the nucleation,

growth, and structures of the inorganic crystals to a certain extent through the

coordination interactions between AAs and metal ions [16–20]. However, reports on

the regulation mechanism of different kinds of AAs on the biomimetic synthesis of

CaCO3 with specific structures are rare and attract great interest. In the present

study, using three different kinds of AAs as organic matrices, namely the highly

nonpolar hydrophobic L-valine, the positively charged L-arginine, and the less polar

uncharged L-serine, different morphologies and polymorphs of CaCO3 were

successfully prepared by a facile gas diffusion reaction based on a biomimetic

strategy. Based on the results, the regulation mechanisms of the AAs on the CaCO3

formation are also proposed.

Materials and methods

Calcium chloride (CaCl2), sodium carbonate (Na2CO3), L-valine, L-arginine, and L-

serine were purchased from China National Pharmaceutical Group. All the

chemicals used in this study were of analytical grade and were used as received

without further purification. Double-distilled water (DD water) was used in all the

experiments.

Firstly, the fresh CaCO3 precipitate was prepared as follows: 100 mL of 0.5 M

CaCl2 solution was mixed with 100 mL of 0.5 M Na2CO3 solution under moderate

stirring and incubated for 6 h at room temperature. The precipitate was collected by

centrifugation and washed several times with DD water and absolute ethanol. The

obtained product was dried under vacuum for 24 h at 40 �C and denoted as fresh

CaCO3.

The fresh CaCO3 precipitate was suspended into DD water under vigorous

stirring. Then, the suspension was bubbled with high-purity CO2 gas under

moderate stirring for 12 h and centrifuged to remove any remained precipitate to
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prepare the saturated Ca(HCO3)2 aqueous solution. Subsequently, AAs/Ca(HCO3)2

aqueous solutions with different concentrations of AAs (1, 10, 50 mM) were

prepared using the saturated Ca(HCO3)2 aqueous solution as the solvent. The mole

ratios of AAs to Ca2? are 1:10, 1:1, and 5:1, respectively. The AAs/Ca(HCO3)2

aqueous solutions were sealed and stirred for 6 h to allow the complete interaction

between the Ca2? and the AAs. Then, beakers containing 25 mL of AAs/

Ca(HCO3)2 were covered with Parafilm punched with pinholes and placed into a

desiccator. Another beaker containing 10 mL of ammonia liquor was also covered

with Parafilm punched with pinholes and placed at the bottom of the same

desiccator. Because of the increase of the pH value of the aqueous solutions of the

AAs/Ca(HCO3)2 through the gradual diffusion of ammonia, CaCO3 was gradually

formed. After reacteding for 7 days, the products were collected by centrifugation

and washed several times with DD water and absolute ethanol. The obtained

products were dried under vacuum for 24 h at 40 �C and denoted as valine–CaCO3,

arginine–CaCO3, and serine–CaCO3. For comparison, a control experiment was

performed to prepare bulk CaCO3 in the absence of AAs under similar conditions.

The size and morphology of the products were determined by scanning electron

microscopy (SEM; JEOL JSM-6390LV). The powder X-ray diffraction (XRD)

patterns were recorded on a Bruker AXS D8Advance X-ray diffractometer with

graphite monochromatized Cu Ka radiation (k = 0.15406 nm) in the 2h range of

20–70�. The Fourier transform infrared spectroscopy (FT-IR) spectra of the

products were recorded on a Bio-Rad FTS-40 Fourier transform infrared

spectrometer in the wavenumber range of 4,000–400 cm-1.

Results and discussion

In the present study, the biomimetic synthesis of the CaCO3 was accomplished in

two steps. In the first step, the Ca2?–AAs complex were formed through the

coordination interactions between the AAs and the Ca2?. In the second step, the

CaCO3 with specific hierarchical three-dimensional structures was formed with the

increase of the pH value through the dissolution of the ammonia into the

coordination system (Eqs. 1, 2).

NH3ðgÞ þ H2O! NHþ4 ðaqÞ þ OH�ðaqÞ ð1Þ

HCO�3 ðaqÞ þ Ca2þðaqÞ þ OH�ðaqÞ ! CaCO3 # þH2O ð2Þ
Figure 1 shows the SEM images of the as-prepared valine–CaCO3 in the

presence of the different concentrations of L-valine aqueous solution. In the Figure,

in the presence of the 1 and 10 mM aqueous solutions of L-valine, the as-prepared

CaCO3 are the large particles with irregular morphologies (Fig. 1a, b). However,

when the concentration of the L-valine is increased to 50 mM, the as-prepared

CaCO3 are the well-dispersed cubic-like assemblies with average side length of

6.58 lm and narrow size distribution (Fig. 1c). From the magnified SEM image

(Fig. 1d), the cubic assemblies are assembled by the platelets with the nanoscale

thickness and average side length of 2.73 lm.
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Figure 2 shows the SEM images of the as-prepared arginine–CaCO3 in the

presence of the different concentrations of L-arginine aqueous solution. In the

Figure, in the presence of the 1 mM aqueous solution of L-arginine, the as-prepared

CaCO3 is the big ellipsoid with average diameter of 25 lm (Fig. 2a). In the

presence of the 10 mM aqueous solution of L-arginine, the as-prepared CaCO3 is the

mixture of microspheres and cubes (Fig. 2b). However, when the concentration of

the L-arginine is increased to 50 mM, the as-prepared CaCO3 are the well-dispersed

microspheres with average diameter of 11.42 lm and narrow size distribution

(Fig. 2c). From the magnified SEM image of a single sphere (Fig. 2d), it can be seen

to be composed of a large number of nanoparticles.

Figure 3 shows the SEM images of the as-prepared arginine–CaCO3 prepared in

the presence of the different concentrations of L-serine aqueous solution. In the

Figure, in the presence of the 1 mM aqueous solution of L-serine, the as-prepared

CaCO3 are the big particles with irregular morphologies (Fig. 3a). In the presence of

the 10 mM aqueous solution of L-serine, the as-prepared CaCO3 is the mixture of

microspheres and cubes (Fig. 3b). When the concentration of the L-serine is

increased to 50 mM, the as-prepared CaCO3 are composed of two different

morphologies, the hollow microspheres and the cube-like crystals (Fig. 3c, d).

However, from Fig. 4, the bulk CaCO3 obtained from the control experiment in

the absence of the AAs are the large cubic crystals with average side length of about

34.3 lm and wide size distribution, significantly different from the CaCO3 prepared

in the presence of the AAs. From these results, the presence of the AAs is an

Fig. 1 SEM images of the CaCO3 prepared in the presence of the different concentrations of L-valine
aqueous solution. a 1 mM, b 10 mM, c 50 mM, d magnified SEM image of (c)
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important factor for the successful preparation of the well-dispersed CaCO3.

Furthermore, the morphologies of the as-prepared CaCO3 can be adjusted through

the careful selection of the structures and concentrations of the AAs.

Figure 5 presents the XRD patterns of the as-prepared valine–CaCO3, serine–

CaCO3, arginine–CaCO3, and bulk CaCO3, respectively. In the Figure, the valine–

CaCO3 exhibit identical diffraction peaks to the calcite (PDF 83-0578), indicating

the successful preparation of the calcite under the direction of the valine. The XRD

pattern of the arginine–CaCO3 presents the identical diffraction peaks to the vaterite

(PDF 33-0268), revealing the successful preparation of vaterite under the direction

of arginine. For the CaCO3 prepared under the direction of the serine, the diffraction

peaks can be assigned to vaterite and calcite, indicating the presence of these two

polymorphs in the serine–CaCO3. In the serine–CaCO3, the hollow microspheres

might be the vaterite, and the cube-like crystals might be the calcite. From the XRD

pattern of the bulk CaCO3 prepared in the absence of AAs, the bulk CaCO3 is the

calcite (PDF 83-0578).

In order to further confirm the polymorphs of the as-prepared products in the

presence of different AAs, the valine–CaCO3, arginine–CaCO3, and serine–CaCO3

are characterized by FT-IR spectroscopy and the corresponding results are shown in

Fig. 6. In the Figure, the FT-IR spectrum of the valine–CaCO3 exhibits the

characteristic bands of calcite at 712 and 875 cm-1 [21], confirming the formation

of calcite in the presence of valine. The presence of the characteristic bands of

vaterite at 745, 876, and 1,088 cm-1 in the spectrum of the arginine–CaCO3 reveals

Fig. 2 SEM images of the CaCO3 prepared in the presence of the different concentrations of L-arginine
aqueous solution. a 1 mM, b 10 mM, c 50 mM, d magnified SEM image of (c)
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the formation of vaterite under the direction of arginine [22]. Similarly, the

simultaneous formation of vaterite and calcite in the presence of serine is also

confirmed according to the characteristic bands of calcite at 712 and 875 cm-1 and

vaterite at 745 and 1,088 cm-1 in the spectrum of the serine–CaCO3.

Fig. 3 SEM images of the CaCO3 prepared in the presence of the different concentrations of L-serine
aqueous solution. a 1 mM, b 10 mM, c 50 mM, d magnified SEM image of (c)

Fig. 4 SEM image of the bulk CaCO3 prepared in the absence of the AAs
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Based on the results, formation mechanisms of the as-prepared products are

proposed (Fig. 7). According to the structures, the valine, arginine, and serine are

classified as the highly nonpolar hydrophobic, positively charged, and less polar

uncharged AA at physiological pH, respectively. Under the neutral pH condition,

the hydrophobic side chain of the valine cannot interact with the calcium ions

(Ca2?) and hydrocarbonate ions (HCO3
-) at the beginning of the reaction and

cannot affect the nucleation. This results in the formation of the crystal seed of

calcite, the most stable polymorph of CaCO3. With the proceeding of the reaction,

the pH of the system gradually increased, leading to the increase of the

concentration of the anion form. The anion form of the valine can interact with

Ca2? and affect the growth of the crystals, resulting in the formation of the cubic

aggregates. For the positively charged arginine, there is strong electrostatic

Fig. 5 XRD patterns of the as-prepared valine–CaCO3, serine–CaCO3, and arginine–CaCO3. The capital
letter C represents the diffraction peaks of calcite; V represents the diffraction peaks of vaterite

Fig. 6 FT-IR spectra of the as-prepared valine–CaCO3, arginine–CaCO3, and serine–CaCO3
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interaction between the positive charged side chain of the arginine and the HCO3
-

to form the stable complex, which will affect the nucleation of the CaCO3 to form

the vaterite. For the less polar uncharged serine, there is moderate electrostatic

interaction between the polar side chain of the serine and Ca2?. Some of the Ca2?

will form the complex with the serine; the others remain the free ions. This results in

the simultaneous nucleation of calcite and vaterite to form the two polymorphs.

Conclusions

In summary, using three different AAs including L-valine, L-serine, and L-arginine

as organic matrices, CaCO3 with different polymorphs and morphologies were

successfully prepared through a facile gas diffusion method based on a biomimetic

strategy. The structures and properties of the side chains of the AAs exerted

significant effects on the nucleation and growth of the CaCO3. This suggests that the

polymorphs and morphologies of the inorganic nanomaterials might be easily

adjusted through the careful selection of the molecular structures of the organic

matrices. More importantly, based on this idea, the inorganic nanomaterials with

special structures and properties might be successfully prepared through the

modification of the molecular structures of the organic matrices.
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Fig. 7 Possible formation mechanisms of the as-prepared CaCO3 in the presence of different AAs
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