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The Intrinsic Ability of Silk Fibroin to Direct the Formation 
of Diverse Aragonite Aggregates
As an analogue of the main protein contained in naturally formed nacre, 
reconstituted silk fibroin (SF) from the Bombyx mori silkworm silk shows a 
strong preference for the formation of the aragonite form of CaCO3 crystals 
and allows fine control over their size and morphology. The aragonite phase 
could be generated via two different routes: direct growth or dissolution and 
recrystallization, depending on the concentration of Ca2+ and SF. Generally, 
lower concentrations of Ca2+ and SF favor the formation of aragonite needles 
and their aggregates, of which the lattice structure of the precursor is similar 
to that of the organic matrix in natural shell. Higher concentrations lead to 
the formation of aragonite aggregates via a dissolution and recrystalliza-
tion process through intermediates of lens-like vaterite. Molecular modeling 
shows that the β-strand conformers of silk fibroin molecules has an excel-
lent match with the ionic spacing in the aragonite (010) plane, which can 
promote growth along the (001) long axis of aragonite crystals. This synergy 
between silk fibroin and the aragonite phase may help our understanding of 
the function of organic matrices involved in the biomineralization process, 
and facilitate the fabrication of synthetic materials with the potential for high 
performance mechanical properties.
1. Introduction

The biomineralization process provides unique inspiration for 
materials design, as illustrated by the mechanical properties of 
many biominerals achieved through their superior hierarchical 
organization relative to synthetic materials.[1] Living organisms 
are capable of developing complicated architectures with com-
binations of organic and inorganic components to fulfill impor-
tant biological functions, such as bones for skeletal support and 
shells for the protection of soft tissues.[1] The organic matrices, 
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usually consisting of proteins and polysac-
charides, are minority components com-
pared with inorganic minerals, and the 
low concentration (ranging from 2% to 
5% in common biomaterials)[2,3] also 
implies a high efficiency of mineral-asso-
ciated macromolecules in the fabrication 
of biominerals with excellent properties.

Mollusk shell nacre, one of the most 
studied biominerals, is renowned for its 
remarkable mechanical features because 
of its highly regular “brick-and-mortar” 
arrangement.[1] The formation of biogenic 
aragonite crystals is subject to the net-
work of oriented biomacromolecules at 
the early stage of biomineralization.[4] It 
has been reported that β-chitin, one of the 
main components of the organic matrix 
in nacreous tablets, acts as the framework 
for the entire construction and is pref-
erentially oriented parallel to the a-axis 
of aragonite tablets;[2,5] however, its lack 
of functional groups (i.e., carboxylates) 
capable of strong interaction with CaCO3 
reduces its contribution to the control over 
the polymorph and orientation of minerals.[6,7] Several studies 
have reported the formation of aragonite in vitro using proteins 
extracted from nacre in the absence of chitin.[8,9] Therefore, 
proteins in nacreous tablets – so-called “silk-fibroin-like pro-
teins” and acid glycoproteins – may play an important role in 
regulating the morphology and lattice structure of CaCO3 min-
erals through such factors as the protein sequence, active func-
tional groups and conformation.[7,10] These matrix proteins are 
believed to interact both with β-chitin fibrils and growing crys-
tals so as to translate the orientation of chitin to the minerals.[6] 
Numerous efforts have been undertaken to identify and charac-
terize the matrix proteins present in the nacreous tables[2,7,11,12] 
and to mimic the growth process of aragonite minerals in vitro 
through the involvement of various natural and synthesized 
additives.[13–17] However, this process remains elusive due to 
the fact that it is difficult to investigate the molecular-level inter-
action between proteins and minerals, and to understand the 
importance of protein sequences and conformation in control-
ling the structure of biominerals, as well as the role of other 
possible proteins involved in the bimineralization process.[14,18]

In recent years, many studies have been focused on the syn-
thesis of aragonite crystals or hierarchical particles with lami-
nated structures,[16,19] and most were performed through the 
application of organic matrix extracted from natural nacreous 
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tablets[8,14,18,20] or under particular ambient environments.[21–24] 
However, silk fibroin (SF, one of the analogues of silk-fibroin-
like protein), derived from silkworm silk of Bombyx mori exhib-
ited a high preference for the aragonite form of CaCO3 in a 
series of our experiments, even in a system with relatively high 
crystallization rate (during the ripening process),[25,26] as the 
acidic amino acid residues on it played the role of nucleation 
while the conformation of it mediated the polymorph of CaCO3. 
Here, we present a detailed investigation into the role of SF in 
an aqueous environment acting on the growth of CaCO3 at 
extremely slow crystallization speeds (in a CO2 vapor diffusion 
system, which is a good method to investigate the interaction 
between additives and minerals)[27] and to show the deposition 
of diverse aragonite crystals over a wide concentration range 
of silk fibroin (0.01 to 2 wt-%). Interestingly, we observed a 
continuous change in the morphology and structural forms 
of the final aragonite products using different concentrations 
or different growth pathways as a consequence of the complex 
regulation between thermodynamic and kinetic factors in the 
crystallization process. SF also appears to show a strong pref-
erence for the formation of aragonite phase due to the stere-
ochemical matching of protein and mineral phases.
Figure 1.  FE-SEM images of the aragonite crystals obtained after 48 h from a solution con-
taining SF and Ca2+ at a fixed [Ca2+]:[SF] mass ratio of 1:1 and SF concentration of: a) 0.01%; 
b) 0.1%; c) 0.5%; d) 1%, and, e) 2%. The insets show larger scale panoramic views of the 
structures. f) The size change of crystals with increasing concentration of SF.
2. Results and Discussion

2.1. The Morphology Evolution of Aragonite/
SF Hybrids  
by Regulating Component Concentration

A remarkable dependence of the crystal mor-
phology on the concentration of the compo-
nents, i.e., Ca2+ and SF, at a certain mass ratio 
of [Ca2+]:[SF] was observed and representative 
images of CaCO3/SF hybrid are shown in 
Figure 1. For [Ca2+]:[SF] = 1:1, a low compo-
nent (either SF or Ca2+) concentration (0.01%) 
yielded aggregates (13–17 μm in size, shown 
in Figure S1a in the Supporting Informa-
tion) with loosely packed layered needle-like 
units (Figure 1a). The aragonite structure was 
confirmed by both Raman spectroscopy[28,29] 
on individual crystals and also XRD meas-
urement of the entire sample, which corre-
sponded to a pure aragonite phase (Raman 
and XRD spectra of representative crystals are 
presented in Figures S2 and S3). Needles with 
sizes of 50–100 nm were aligned along the lon-
gitudinal axis direction of the aragonite bun-
dles, and the crystal faces were quite smooth 
and defect-free (Figure S4). A complete transi-
tion of the morphology of the aggregate was 
achieved with SF concentrations ranging from 
0.1% to 0.5%. At [SF] = 0.1%, a uniform popu-
lation of aragonite aggregates around 8 μm in 
length (Figure S1b) exhibited a shuttle-like pro-
file and similarly layered structure of aligned 
needles (Figure 1b). When the concentration 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
of SF was increased to 0.5%, some differences in the crystal 
aggregates were observed. The surface of such 5 μm shuttle-like 
aggregates (Figure S1c) appeared to be granular and rough, com-
prising bricks with varying size (Figure 1c). Higher concentra-
tion ([SF] = 1%) further enhanced this effect, producing 4 μm 
crystals (Figure S1d) consisting of irregular and smaller arago-
nite particles which still kept the orientation along the long axis 
of the aggregates (Figure 1d). A typical morphology produced 
at [SF] = 2% is shown in Figure 1e. Ellipsoidal aggregates with 
size of 3 μm, consisting of densely packed particles, oriented 
along the long axis of the particles (Figure S1e). Figure 1f shows 
the gradual decrease in size with increasing SF concentration, 
implying a barrier to crystal growth by SF in the long-axis.

Decreasing the [Ca2+] and [SF] mass ratio to 1:5 yielded 
a similar pattern of morphology changes as observed at 
[Ca2+]:[SF] = 1:1 with varied component (either SF or Ca2+) con-
centration. Initially, 500 nm aragonite needles were obtained 
with smooth crystal faces at [SF] = 0.1%, and some of the 
area on the surface displayed the fusion signs of smaller units 
(Figure S5a). Increasing the SF concentration to 0.5% pro-
duced needle aggregates with irregular profile (Figure S5b). In 
common with the morphology modification observed before, 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 435–441
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higher component concentration led to gradual structural evo-
lution from obvious needle aggregates (Figure S5c) to aragonite 
bundles with enhanced surface roughness constructed from 
small, distinct crystalline units (Figure S5d).

Due to the strong dependence of the particle structure and 
morphology on the Ca2+ concentration, a series of experiments 
was performed to investigate the effects of the Ca2+ concentration 
at a constant SF concentration of 0.2% (Figure 2). At [Ca2+]:[SF] =  
1:10, aragonite needles with relatively uniform size (both in length 
and width) were produced (Figure 2a). Higher Ca2+ concentra-
tions contributed to an aggregation trend of needle-like units. 
The arrangement of these aragonite units varied from slightly 
grouped (Figure 2b) to loosely aligned (Figure 2c), and further 
changed into tightly packed (Figure 2d). However, there seemed 
to be little change in size with increasing Ca2+ concentration.

In the above series, increasing Ca2+ concentration induces 
the morphology transition from individual needles to bundles 
of needles, without significant changes in the needle size. The 
morphology of hybrids shown in Figure 2, however, was accom-
panied by increasing surface roughness and reducing unit size 
along with gradual increase of component concentration. Basi-
cally, increasing SF concentration could enhance the opportu-
nity for heterogeneous nucleation on the SF chains or more SF 
chains would join the crystallization process (inhibition or sta-
bilizing) to further realize the modification and control of silk 
fibroin over the morphology of final hybrids.

2.2. The Growth Pathway of Aragonite/SF Hybrids with 
Different Component Concentration

SF was extremely versatile in its control over the structure of 
aragonite crystals, depending on component concentration. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 435–441

Figure 2.  FE-SEM images of the aragonite crystals precipitated after 48 h fro
taining 0.2% silk fibroin and with different [Ca2+]:[SF] mass ratio: a) 1:10; b
d) 10:1. Insets show structural details (left) and panoramic images of each 
Different concentrations of SF and Ca2+ led mainly to three 
kinds of crystal structure: needles, needle bundles and particle-
packed aggregates, along with increasing surface roughness. 
The growth pathway of individual kinds of aragonite crystals 
was examined to further investigate the effect of SF in the crys-
tallization process of CaCO3. Based on our experiments, the 
aragonite crystals were generated primarily via direct growth 
(Figure 3) or dissolution and recrystallization (Figure S6), as 
summarized in Table 1.

Aragonite crystals could be produced with relatively low con-
centrations of Ca2+ and SF in the form of needles and needle 
aggregates (displayed in the areas with low and medium grey 
levels in Table 1). The growth process of such crystals is shown 
in Figure 3. Initially, the image of the original sample indicated 
a liquid-like substance (Figure 3a), and the corresponding EDX 
spectrum (inserted in the left of Figure 3a) demonstrated that 
the selected area was mainly composed of Ca, O, and C. The 
obvious dispersion ring of electron diffraction (ED) reflected 
that the formed CaCO3 was in the amorphous phase. In the 
course of time, a gradual crystallization process was observed. 
After 2 h, the material maintained its liquid-like properties 
but, surprisingly, localized areas showed aligned parallel stria-
tions, with these lattice lines separated from each other by 
about 2–4 nm (Figure 3b). The lattice structure became more 
obvious and spread to the entire aragonite precursor after 4 h 
(Figure 3c), and the transient precursor presented a ribbon-like 
shape, slightly overlapping and interlocking in the dense net-
work (Figure S7a). ED patterns, meanwhile, confirmed that the 
aragonite phase was formed, although the pattern is not indexed 
(inset in Figure 3c). Interestingly, the organic matrix in natural 
bivalve mollusk exhibited exactly the above lattice structure 
(Figure S7b),[2] which afforded important information for the 
investigation of the relationship between aragonite phase and 
bH & Co. KGaA, Wei

m a solution con-
) 1:5; c) 1:1; and,  

sample (right).
silk fibroin. With reaction time increasing 
to 6 h, a number of aragonite nanoneedle 
units (around 5 nm) were detected in the 
form of aggregates in packets with varied 
size (30–100 nm) (Figure 3d and Figure S7b). 
After 12 h, fully developed aragonite crystals 
(needles and needle bundles) were observed 
(Figure 3e and Figure 3g). For those of nee-
dles (as well as the aggregates formed by the 
needles), each one showed a well-defined 
characteristic of single crystal viewed along 
the [010] direction as demonstrated by ED 
(the inset in Figure 3e and Figure 3g, respec-
tively). Also the above ED results as well as 
HRTEM images (Figure 3f and Figure 3h) 
showed that the long axis of the needle was 
[001]. Moreover, few examples of individual 
aragonite needles (around 30–50 nm) were 
observed, since these needle units preferred 
to aggregate into bundles, especially with 
higher concentrations with a higher density 
of nucleation points.

As mentioned above, the aligned par-
allel structure of aragonite precursor 
(Figure 3c) was very similar to the organiza-
tion of the organic matrix in natural shell, 
437wileyonlinelibrary.comnheim
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Figure 3.  TEM images of the formation process of aragonite crystals via direct growth: a) 5 min; 
b) 2 h; c) 4 h; d) 6 h; e) 12 h; and, g) 12 h. The inset in (a) shows the EDX spectrum of early 
substances. Other insets indicate the corresponding evolution process of ED patterns. Scale 
bar, 5 nm−1. f,h) HRTEM images of the aragonite needle (e) and aggregate (g). The ED patterns 
and HRTEM images of (e) and (g) indicate the orientation along the [010] zone axis, showing 
as 1 = (001), 2 = (100), 3 = (101). The open arrows indicate the aligned parallel striations on 
the precursor of aragonite crystals. The black arrows show [001] direction along the long axis 
of the crystals. The parameters of the crystal are referenced to (76-0606). 
which contributed to the formation of its hierarchical struc-
ture.[1] It is worth noting that SF (Bombyx mori silk) can be 
made to fold into regular β-sheets and self-assemble to nano
fibrils spontaneously in an aqueous environment.[30,31] Hence, 
it could be speculated that such parallel linear structures of 
aragonite precursor might correspond to the β-sheet confor-
mation and assembly of SF chains, which act as a template for 
aragonite phase and further promote the generation of arago-
nite nanoneedle aggregates of the same size (around 50 nm) via 
rapid dehydration and crystallization.

The concept of “short-range order” has been associated with 
early periods of prenucleation and precursor stages,[32,33] so the 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
polymorph could be determined at the very 
beginning of the crystallization process. For 
the selection between calcite and aragonite 
forms, our experimental results suggested 
that control of SF in the earlier phases was 
highly significant, and our extensive expe-
rience with silk molecular structures sug-
gested that silk β-sheets would most likely 
contribute to the preferential growth of 
aragonite crystals. Such a process would, 
presumably, be related to stereochemical rec-
ognition or interaction between the β-sheet 
conformation and the aragonite morphology. 
Therefore, molecular modeling was used to 
examine the relationship between the protein 
β-sheet conformation (β-strand) and specific 
crystalline faces.

For clarity here, a tetrapeptide segment of 
a β-strand poly(glycine) chain was compared 
with the atomic structure of the different 
CaCO3 crystal faces, which were obtained 
by cleaving lattice models of the different 
CaCO3 polymorphs, as shown in Figure 4 
and Figure S8. For purposes of a simple com-
parison, the atomic positions in the indi-
vidual peptide segments and CaCO3 crystal 
faces were fixed in their minimum energy 
positions, and then searches were made for 
minimum energy adsorption matches of the 
peptide on the crystal faces. Since the polar 
amide groups of the protein chain backbone 
have the strongest interaction with the inor-
ganic ions, we found little difference in our 
simulations between the simple poly(glycine) 
chains and the SF characteristic sequence of 
–Gly–Ala–Gly–Ala–Gly–Ser–. The simula-
tions established that there is an excellent 
match between the ionic spacing in the 
aragonite (010) plane and the silk β-sheet 
lattice (Figure 4), while other crystal faces of 
aragonite have poor matches. The (010) face 
is the main slow growth face in aragonite 
which is perpendicular to the direction with 
high growth rate along the (001) long axis of 
the crystal. Therefore, the β-strands of silk 
chain parallel to the long axis could opti-
mally absorb onto the (010) face to promote 
aragonite long-axis growth towards the (001) direction. Fur-
thermore, the β-strand of (Gly)4 was compared with the three 
main faces of the thermodynamically more stable calcite crys-
tals, i.e., (100), (010), and (001). The simulations showed that 
the β-strand could not find a good energy-minimum position 
on any of the crystal faces specifically (Figure S8). Lacking any 
specific nucleation or inhibition preferences for calcite crystal 
faces resulted in a crystallization path favoring the formation 
of aragonite.

Aragonite aggregates with merged-particle structures could 
be obtained via a dissolution and recrystallization pathway, 
mainly under conditions of high component concentration 
heim Adv. Funct. Mater. 2012, 22, 435–441
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Table 1.  Morphology and crystallization pathway of aragonite crystals 
obtained at different Ca2+ and SF concentrations.

Concentration 
of SF

Morphology and polymorph of final products and crystallization 
pathway at different [Ca2+]:[SF]

[wt-%] 1:10 1:5 1:2 1:1 10:1 50:1 100:1

0.01 –c) –c) –c) [NA]a) [NA]a) [NA]b) [PA]b)

0.05 –c) –c) –c) [NA]a) [NA]a) [PA]b) [PA]b)

0.1 –c) [N]a) [NA]a) [NA]a) [PA]b) [PA]b) [PA]b)

0.2 [N]a) [NA]a) [NA]a) [NA]a) [PA]b) [PA]b) [PA]b)

0.5 [NA]a) [NA]a) [PA]b) [PA]b) [PA]b) –d) –d)

1 [PA]b) [PA]b) [PA]b) [PA]b) [PA]b) –d) –d)

2 [PA]b) [PA]b) [PA]b) [PA]b) –d) –d) –d)

a)The aragonite particles were produced via direct growth; b)These aragonite aggre-
gates were deposited through dissolution and recrystallization pathway; c)Extremely 
low concentration of substances hardly induced nucleation; d)High concentration 
of SF and Ca2+ (the concentration of SF was beyond 0.5% and [Ca2+] was more 
than 20 mmol L−1 at the same time in our experiment.) led to salting-out, which 
cannot realize mediation; [N] Individual needles; [NA] Needle aggregates; [PA] 
Aggregates consisting of brick-like or irregular particles.
(exhibited in area with darker grey level in Table 1). Spherical 
precursor nanoparticles (around 30 nm in size) with rough 
profile and no obvious boundaries formed after 2 h reaction. 
Subsequent aggregation resulted in the deposition of lens-like 
vaterite with a size of around 5 μm after 12 h. In the course of 
time, the vaterite phase dissolved gradually and continuously to 
produce more stable aragonite crystals (Figures S6c and S6d). 
The final product was scattered as “single crystals” which had 
the same orientation along the [001] direction as the aragonite 
needles discussed above (inset in Figure S6d). Clearly, for the 
recrystallization of vaterite aggregates, which was thermody-
namically controlled, the polymorph switching of final product 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 435–441

Figure 4.  Modeling of the matching of silk β-sheet and the aragonite 
(010) face. The three views are from different directions with β-strand 
backbone chain, calcium ion spheres and star-shaped carbonate ions.
also followed stereochemical recognition with β-sheets of SF to 
prefer the aragonite phase.

Crystal growth is generally considered either by classical 
ion-by-ion addition or via an aggregation-based route.[24,34] 
Based on our results, the aggregation process produced 
various aragonites, from single needles to particle-packed 
aggregates with increasing concentration of both compo-
nents, depending on the selection of crystallization path-
ways (direct growth or dissolution and recrystallization), 
as well as the structure and polymorph of the crystalline 
precursor. For example, the crystallization route showed a 
gradual transition from direct aragonite growth to dissolu-
tion and recrystallization when increasing [Ca2+]:[SF] at a 
fixed SF concentration (shown in Table 1). On the other 
hand, the initial polymorph selection between aragonite and 
vaterite phase depended on the Ca2+ and SF concentration. 
We need to bear in mind the solubility product (Ksp) of dif-
ferent polymorphs, that is –log Ksp

25 °C: ACC = 6.4, vaterite =  
7.91, aragonite = 8.34, and calcite = 8.48.[1,24] The extremely 
low Ca2+ concentration (e.g., [Ca2+] = 0.01–0.1 mm) cannot 
reach or just reaches the critical nucleation point (the involve-
ment of SF contributes to increasing the local supersatura-
tion), which results in the development of crystallization that 
is controlled by the thermodynamic equilibrium to form an 
aragonite phase (Figure 1a, 2a, 2b, and S5a) until the pre-
cursor is completely consumed. On the other hand, high Ca2+ 
concentration (far away from the solubility equilibrium values, 
0.2 mm or even higher in our cases) would induce kinetically 
controlled reaction to form vaterite phase, which would also 
dissolve and recrystallize into the final aragonite phase. There-
fore, the supersaturation extent could decide the crystalliza-
tion pathway as well as the individual precursor, as shown in 
Figure 3 (aragonite) and Figure S6 (vaterite), respectively.

Our proposed mechanism for calcium carbonate crystalliza-
tion in the presence of SF is summarized in Scheme 1. SF can 
induce the formation of aragonite crystals mainly via two routes, 
depending on the supersaturation, that is Ca2+ and SF concen-
tration. Generally, lower concentrations of ([Ca2+] and [SF]) con-
tributed to an aragonite precursor with a lattice structure (owing 
to the control of silk β-sheet over nucleation and prior crystal-
lization period), which could directly produce aragonite needles 
as well as needle bundles via dehydration and aggregation. On 
the other hand, higher concentrations induced the formation of 
aragonite particle aggregates with lens-like vaterite intermedi-
ates via the dissolution and recrystallization route.

Thermogravimetric analysis (TGA) of carefully washed 
samples found SF in all these aragonite deposits. For compar-
ison, experimental conditions with constant [Ca2+] and varied 
[SF] would lead to a relatively constant weight loss of around 
5% from the final products, while fixed [SF] but differences 
in [Ca2+] resulted in increasing organic content in the final 
products with increasing Ca2+ concentration (from 3% to 5%) 
(Figure S9). Thus, results obtained from TGA measurements 
supported the mechanism we assumed above to a certain 
extent. SF indeed acts as a heterogenous nucleator to promote 
the aragonite growth because of relatively high SF content 
in aragonite hybrids. However, the amount of SF involved in 
the crystal growth process is not affected by the crystallization 
pathway at a constant initial Ca2+ concentration.
439wileyonlinelibrary.combH & Co. KGaA, Weinheim



full


 paper




www.afm-journal.de
www.MaterialsViews.com

4

Scheme 1.  Two growth pathways of aragonite crystals mediated by silk fibroin. Path I direct aragonite growth (low concentration); Path II dissolution 
and recrystallization (high concentration).
3. Conclusions

In general, silk fibroin gave precise control over the formation 
and morphology modification of aragonite single crystals over 
all concentrations of the components. The selection of crystal-
lization path and precursor showed strong dependence on com-
ponent concentration (supersaturation). Lower concentrations 
of ([Ca2+] and [SF]) led to direct growth of aragonite needles via 
aggregation, and aragonite precursor with a lattice structure 
showed exactly the same profile as the organic matrix in nat-
ural shell. On the other hand, higher concentrations induced 
the formation of aragonite particle aggregates via dissolution 
and recrystallization, with lens-like vaterite as intermediate. 
Moreover, molecular modeling confirmed that the β-strand 
conformation of SF molecular chains has an excellent match 
to the ionic spacing in the aragonite (010) plane. So silk fibroin 
influenced the growth of CaCO3 crystals through the absorp-
tion of β-sheet onto the aragonite (010) face, resulting in pre-
ferred growth along the (001) long axis of the crystal to promote 
the formation of the aragonite phase, while poor matching with 
SF β-sheet led to the inhibition of the calcite phase. During the 
slow growth of natural shell as a long-term thermodynamic 
process, organic components at extremely low levels favor the 
formation of aragonite tablets. In this work, switching between 
kinetic and thermodynamic factors (concentration-oriented) 
indicates that, similar to natural shell growth, the thermody-
namic environment (i.e., the direct aragonite growth or dissolu-
tion and recrystallization process) results in the deposition of 
aragonite phase with the assistance of SF. Therefore, this work 
successfully demonstrates the control of silk fibroin over the 
formation of the aragonite phase with various morphologies, 
which provide a better understanding on the origins of arago-
nite formation and the function of the silk-fibroin-like protein 
involved in the natural biominerallization process. On the basis 
of this, the combination of aragonite and silk fibroin could yield 
new starting point for the fabrication of hybrid material with 
mechanical property through adopting appropriate assembly 
pathway.
40 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
4. Experimental Section

Materials and Preparation of Regenerated SF: A naturally spun silkworm silk 
fiber contains two silk fibroin core threads surrounded by a glue-like sericin 
coating, and the fibroin is insoluble protein containing up to 90% of amino 
acids of glycine (G), alanine (A), and serine (S) primarily in the repeated 
GAGAGS amino acid motif which leads to antiparallel β-sheet formation 
in fibers.[35] The degumming and dissolving process of Bombyx mori silk 
fiber followed established procedures.[25] A semi-permeable membrane 
(MEMBRA-CEL, 12000–14000 MWCO) was used for dialysis. The dialyzed 
SF aqueous solution was centrifuged at 6000 rpm for about 5 min and the 
supernatant, which was about 4% (w/w) of aqueous regenerated silk fibroin 
(SF), was collected at room temperature and stored at 4 °C.

Crystallization of CaCO3: Small pieces of glass substrates were cleaned 
and subjected to ultrasound in a bath containing ethanol for 10 min, 
further soaked with a H2O-HNO3(65 wt-%)–H2O2 (1:1:1, v/v/v) solution, 
then rinsed with deionized water and acetone, and finally dried in air.

Crystallization was carried out in the presence of an appropriate 
amount of silk fibroin solution in the range of 0.01 to 2.0 wt-% via the 
CO2 vapor diffusion method (modified from a classical procedure).[27] 
The Ca2+ concentration was adjusted to a certain [Ca2+] and [SF] mass 
ratio (1:10 to 100:1). A piece of cleaned glass slide (with or without 
copper grid laid on) was carefully put at the bottom of the beaker 
containing as-prepared mixture solution (10 mL) to collect precipitates. 
The beaker covered by parafilm with six pinholes was transferred into a 
large close desiccator (about 6.5 L) as soon as possible. 15 g of crushed 
ammonium carbonate in another small beaker covering with parafilm 
with 6 pinholes was placed into the desiccator for diffusion of CO2. The 
mineralization was performed at room temperature (around 25 °C). After 
different reaction times, the glass slide with deposits was gently rinsed 
by DIW and dried in vacuum overnight for further characterization.

Characterization: Scanning electron microscopy (SEM) was performed 
on a TS 5136MM microscope at a 20 kV acceleration voltage and 
Hitachi-S-4800 FE-SEM (Pt-coated prior to examination). Transmission 
electron microscopy (TEM)/high-resolution transmission electron micro
scopy (HRTEM) images and selective area electron diffraction (SAED) 
patterns were obtained on a JEM-2100F. Electron diffraction (EDX) was 
employed to determine elementary composition. The polymorph of 
CaCO3 was determined by Renishaw inVia Reflex Raman spectrometer 
equipped with 633 nm Helium/Neon laser, CCD detector, and Leica 
2500 optical microscopy. X-ray powder diffraction (XRD) data were 
recorded on an X’pert Pro with Cu Ka radiation. The sections of particles 
were prepared by Gatan Model 691 precision ion polishing system. 
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Thermogravimetric analysis (TGA) was performed at 10 K min−1  
on DTG-60H under nitrogen gas with flow rate of 40 cm3 min−1. Molecular 
modeling was performed with the Cerius2 suite of programs using 
standard CaCO3 crystal structures and β-sheet protein conformers.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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