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ABSTRACT: The precise control of crystallization is a key in construction and engineering of
crystalline materials, especially in biomineralization. Although it is generally accepted that
biomineral crystals are evolved from their amorphous precursors, there are intensive debates
about the crystallographic orientation control. By using in situ high resolution transmission
electron microscopy (HR-TEM), we herein reveal that hydroxyapatite (HAP) produces through
its epitaxial growth from amorphous calcium phosphate (ACP) with preferential c-axis
orientation. Abnormally but interestingly, this anisotropic epitaxial crystallization priority along
c-axis is not affected by the existed HAP crystalline substrate, which occurs exactly the same on
either {002} or {100} facets. Molecular dynamic (MD) simulations suggest this preference is
correlated with the interfacial energetic controls at the amorphous-crystalline transition frontier.
The orientation control on biominerals here shows the key role of the interface energy, rather that
the organic molecules or matrixes, which provides a complementary understanding about the
general c-axis orientation control of HAP in various biomineralization case and develops an

alternative strategy for crystallization control of functional materials.
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Crystallographic orientation controls in crystal construction and engineering are of great
importance to regulate physicochemical properties of materials for their functional applications.!-
8 In particular, the remarkable properties of minerals originate from their well-ordered and
oriented hierarchical structures, which is attributed to their precise control over crystallization
orientation.®!% Although classical crystal growth theory suggests that orientation control depends
on selective adsorption and steric-hindrance effects of additives as well as organic matrix
substrate,!!-14 it seems to be not applicable for biomineral crystals since amorphous precursor
phase in crystallization process complicates the crystallization control.!>-17 Tt still keeps
mysterious how these mineral crystals achieve orientation control through the transformation
from amorphous to crystalline state.'®2> For example, hydroxyapatite (HAP, Hexagonal with
P63/m space group symmetry),” a primary mineral phase in biological hard tissues (e.g. bone
and dental enamel), always grows along c-axis.>*2° Previous literatures show that inorganic ions,
27 biomolecules,?®?° and even surfactants’®3! can regulate the c-axis oriented growth of HAP.
Although the adsorption effects of various additives on HAP surface are different, the
explanations on crystalline orientation evolution regulated by these items are exactly the same.
Thereby, there are intensive debates about the crystallographic orientation controls in
biomineralization. It should be noted that continuous amorphous calcium phosphate (ACP) layer
is often found at the crystallization front of HAP.!” Notably and strangely, despite that the
various crystal facets of HAP can be coated by ACP,?? c-axis oriented crystallization is only
documented in these biomineralization processes in nature, which follows a foundation of
producing highly ordered multi-levels structures.>> Moreover, such amorphous phase
transformation mediated crystallization is distinguished from traditional epitaxial growth,34-3%

and the exact mechanism is still unknown. Using in situ high resolution transmission electron
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microscopy (HR-TEM), we capture the phase transformation-based crystallization process and
its kinetics at the sub-nanoscale for the first time, which reveals the anisotropic epitaxial growth
and furthermore, explains the orientation control by a combination of molecular dynamic (MD)
simulations. The finding provides a more comprehensive and in-depth understanding about
crystallization orientation controls.

The spherical ACP nanoparticles and HAP nanorods are synthesized in our laboratory
according to the literatures,’? as demonstrated by their characterizations (Figure S1 and S2). As a
control, we examine the phase transformation process of individual ACP adsorbed on carbon
film (Figure S3a) and the result shows that multiple crystallization sites appear on both the
surface and bulk of an ACP particle. In combination with selected area electron diffraction
(SAED), HR-TEM and fast Fourier transformation (FFT) analyses, it is confirmed that these
resulting crystals are polycrystalline HAP (Figure S3b-d) and their crystallographic directions
are random. It follows that in the control experiment, there is no orientation control in the case of
crystallizations from ACP without a HAP substrate, which agrees with the previous

understanding.>®
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Figure 1. The phase transformation process of ACP to HAP where one HAP nanorod contacts
with spherical ACP nanoparticle. (a) In situ TEM image sequences showing the epitaxial
growth of HAP along [001] direction marked by yellow arrows. The ACP/HAP/carbon film
interface is delineated by white dashed line. (b) The FFT images of different regions
highlighted by green frames in a. The corresponding FFT images of region 1, 2, 3 and 4
represent the ACP structure, the original HAP nanorod and newly formed HAP crystal within
ACP and final nanorod, respectively. (¢) In situ TEM image sequences showing the anisotropic
growth of HAP preferentially along [001] direction when ACP contacts with the (100) face of
HAP. (d-e) The schemes of contacting form between ACP and HAP, which corresponds to the

case in a and c, respectively.

However, this phase transformation process is different in a skillfully designed model system,

in which spherical ACP nanoparticles closely contact with HAP nanorod substrate. It is

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Letters

comparable to the configuration where continuous ACP mineral layer is found at the
biomineralization front of delicate mineral structures.!® As shown in Figure la, a series of HR-
TEM images display the phase transformation process of ACP to HAP when HAP nanorod
contacts with ACP. The HR-TEM (at 0.0 s in Figure 1a) and corresponding FFT images (Figure
1b) of region 1 confirm a typical characteristic of ACP, whereas (002) face lattice fringe and
FFT image of region 2 demonstrate the existence of crystalline HAP. The ACP-HAP interface is
marked by white dashed lines, which seems to be a continuous structure. It is probably because
that ACP particles and HAP rods attach together to achieve closed contact and even fuse into a
continuous and homogeneous interfacial structure during the drying process. Notably, the
crystallization of ACP to HAP begins from the interface since the interface-induced ordering
decays exponentially with distance from the interface,*® which supports our observations where
the region far from the interface keep their original amorphous state. In addition, the newly
formed structure is composed of (002) faces, showing a perfect epitaxial matching with the
original HAP structure. Such well-ordered and oriented structure at the interface indicates that
ACP mediated phase transformation proceeds via the epitaxial growth of HAP along c-axis in
essence. At 287.0 s, the lattice between newly formed structure and original HAP is exactly
same, which can be validated by the identical orientation of region 3 and 4 (Figure 1b). Although
the lateral growth can be observed between 188.0 s and 287.0 s, it should be noted that
crystallization of HAP proceeds from the tip of rods ([001] direction) with faster growth rates
relative to the lateral growth ([100] direction).

Generally, the growth along c-axis is advantageous during ACP mediated HAP formation
process, regardless of the contacting facets of HAP substrates. For example, despite that ACP

initially contacts with the (100) faces of HAP nanorod, only the area closing to the edge of
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spherical ACP crystallizes into crystals along c-axis (Figure 1c). It is found that the newly

generated structure consists of (002) rather than (100) faces, which implies that anisotropic

oNOYTULT D WN =

epitaxial crystallization is independent on the HAP substrate. As described by the scheme of
10 position of ACP contacting with HAP (Figure 1d-e), the epitaxial growth along c-axis is
available, while the growth of a- or b-axis is disadvantageous even on (100) substrates. By
15 quantifying the growth difference along different orientations, it shows that the aspect ratio (the
17 length along c- to the width along a- or b- orientation) of newly produced crystal is 2.1+0.3.
Assuming constant growth rates during the whole phase transformation process, it indicates that
22 the growth rate along c-axis is about two times of those along a- and b-axis. Clearly, the ACP

24 mediated HAP crystallization occurs via an anisotropic epitaxial growth.
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Figure 2. The evolution dynamics of ACP/HAP interface. (a) In situ HR-TEM image sequences
showing the detailed crystallization process of HAP from ACP. The growth directions along
[001] and [100] are marked. The ACP/HAP interface is separated by dashed white lines. The
“L” and “W” represent the length and width direction respectively. (b) The crystallinity degree
changes during the phase transformation process. (c) The length and width change with time,
showing the preferential epitaxial growth along [001] direction. (d) The lateral epitaxial growth
of HAP along [100].

In order to understand how the epitaxial growth preferentially occurs along the c-axis
orientation, we carefully investigate the evolution dynamics of the growth front which
corresponds to the ACP-HAP-(002) face interface (Figure 2a). Initially, a continuous ACP-HAP
interface is visible. Subsequently, a new layer forms from the last (002) face at 0.5 s, which is
highlighted by the yellow dashed lines. At 1.5 s, two new layers produce on the just-formed
layer. The newly formed layer is perpendicular to c-axis orientation with highly ordered structure
where the epitaxial growth of HAP begins on the inner (002) face. Notably, the laterally epitaxial
growth of HAP along a- or b- orientation advances simultaneously (Figure 2b), which grows
from side face of newly formed (002) layers. In addition, the crystallinity of ACP (defined as the

ratio of projected area between amorphous and crystalline part) increases linearly to 1.0 (Figure
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2¢). It indicates the rate of phase transformation is constant. The ACP can completely transform
into HAP via epitaxial and lateral growth. Likewise, the growth rate of HAP from along different
directions is investigated (Figure 2d). The growth rate along c-axis is ~ 0.35 nm/s, which roughly
corresponds to one (002) layer/second. Whereas it corresponds to ~ 0.18 nm/s along a- or b-axis

orientation, confirming the anisotropic behavior quantitatively.

5 10 15
Time (ns)

Figure 3. The molecular dynamics simulations. (a, c¢) Interfacial energies of ACP-HAP-(002)
face and ACP-HAP-(100) face, respectively. (b, d) Growth of HAP on (001) and (100)
substrate, with a top view showing the Ca?" grown upon the interface. (¢) The height of the new
grown HAP (Ah) is plotted as a function of time t, using data from three independent MD
simulations for [100] and [001] growth respectively.

Previous works have emphasized the importance of interfacial energies in crystal growth.4142
For example, negative HAP-(001)-water and positive HAP-(100)-water interfacial energies
provide a reasonable explanation for the empirical observation of the relatively small surface
area of the (002) face in inorganically grown HAP crystal.¥? And thus we suggest that the
activation energy barrier for phase transformation may rely on the interfacial energy of ACP-
HAP interface. To elucidate the role of different interfaces in anisotropic epitaxial growth of
HAP, we employed classical atomistic models to calculate the interfacial energies of ACP-HAP-

(002) and ACP-HAP-(100) face, respectively (Table S1, more technical details can be found in
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the Supporting Information). Results show that interfacial energy follows the order of yacp.pap-
©002) (0.08 J/m?) < yacp-nar-00) (0.21 J/m?). We suggest that the lower interfacial energy of ACP-
HAP-(002) interface is probably due to the intrinsic crystalline features of HAP, which stems
from its special structure of (002) face. Specifically, it is believed that the (002) face of HAP
includes hexagonal packing of Posner’s clusters (Cag(PO,)s), and these clusters also appear
within ACP structure.*** As described in the cluster growth model during HAP growth
process,® the phase transformation involves an epitaxial matching between ACP and HAP
substrate, where local rearrangement process of attacked Cag(PO,)s clusters occurs. It should be
noted that the interfacial energy reflects the intermolecular interactions between HAP and closely
contacted ACP, which possibly contribute to spontaneous structural rearrangement of clusters.!®
The lower interfacial energy of ACP-HAP-(002) means less structural mismatch between ACP
and HAP-(002). It might be interpreted as a lower activation energy barrier (£) required for
direct structural rearrangement of clusters at the ACP-HAP-(002) interface. Consequently, the
growth of (002) faces is preferred and then, a following question is how the activation energy
barrier controls the transformation from ACP to HAP at nanoscale.

It is speculated that the rate-limiting process of HAP growth is the incorporation of clusters
during ACP mediated HAP crystallization process.** To quantitatively estimate the resistance of
phase transformation process, the kinetic coefficient is introduced. During the growth process of
HAP, the rate is described by the following equation:**

v=pC.wo (D

where V is growth velocity, £, kinetic coefficient, C,, saturated concentration of HAP, w, the

molecular weight of crystal, and o, degree of supersaturation. The item of B can be expressed as:

B = Aexp(— E/KT) )
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where, E represents the activation energy required for the incorporation of clusters, 7, the
system temperature, and k, the Molar gas constant. From these two equations, we can
qualitatively explain the anisotropic epitaxial growth of HAP from the view of activation energy
barrier: the lower E of clusters rearrangement at ACP-HAP-(002) interface dedicates higher
growth rate of HAP and then drives the preferential HAP growth along c-axis. In brief,
continuous epitaxial growth promotes the anisotropic phase transformation of ACP to HAP. As
demonstrated by MD simulation results via building different ACP-HAP interfaces (Figure S4,
Figure 3b and d, more technical details can be found in the Supporting Information), it is found
that the growth rate along c-axis is obviously faster than the one along a- or b-axis (Figure 3e
and Table S2). Such trend is comparable to our experimental observations where growth rate

along [001] direction is almost twice the one along [100] direction (Figure 2c¢).

c d

Rgmimlliz_ation

Figure 4. The phase transformation of ACP based on HAP nanorod with different directions. (a,
b) In situ TEM image sequences showing the phase transformation process of ACP to HAP
where two HAP nanorods contact with spherical ACP nanoparticle. Scale bar, 5 nm. (c) The
scheme of phase transformation process in a and b. (d) The scheme of enamel re-mineralization

process with preferential c-axis growth.

This finding can provide an understanding about crystallographic orientation controls in
biomineralization with structural complexity. During biological formation of hard tissues, the

biomineralization frontier is the integrated crystalline-amorphous interface.!*246 It is interesting
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and important that the microstructures and orientations of the newly generated crystals can be
strictly duplicated during the amorphous phase mediated crystallization process in nature.*® For
example, the growth of HAP rods with tightly packed and well-defined orientations is the key to
ensuring the high mechanical strength of dental enamel.!%33 Notably, this anisotropic epitaxial
growth along c-axis is related to the initial direction of HAP rods, which can be associated with
our recent achievement of enamel repair.?® It shows that a rational designed ACP layer on
enamel can transform into the well-ordered HAP with the exactly same structure of natural
enamel by mimicking the biomineralization frontier. In Figure 4a, two HAP nanorods with
different directions closely contact with ACP, giving rise to the appearance of two ACP-HAP-
(002) interfaces. The ACP gradually transforms into crystalline materials by preferential c-axis
crystallization along original HAP rods (Figure S5), which are identified as HAP from lattice
fringe spacing of (002) faces (Figure 4b) and corresponding SAED image (Figure S6).
Meanwhile, it should be stressed that the epitaxial direction of newly grown HAP is different
from each other, which depends on the direction of HAP substrates (Figure 4c). Accordingly,
although both enamel prisms and inter-prisms are HAP, there is an angle of approximately 60°
between them to produce the characteristic “honeycomb” appearance.’ It is the structure
configuration that makes enamel possess more remarkable microtribiological behavior than
artificial HAP rods.*” Therefore, the finding of anisotropic epitaxial growth provides a
reasonable explanation at the nanoscale why and how ACP can evolve into well-aligned HAP
rods along enamel prisms and inter-prisms direction during the re-mineralization process of
enamel (Figure 4d).

In summary, the direct experimental observations of ACP mediated HAP crystallization

process and corresponding MD simulations provide an alternative understanding about the
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general c-axis orientation control of HAP. Our research proves that the existence of amorphous-
crystalline interface can initiate the oriented crystallization, and notably in the absence of any
organic additives or matrixes, which is different from previous understanding on
biomineralization that the formation of well-aligned biological minerals needs organic
macromolecules or matrixes. Furthermore, this work suggests that the anisotropic epitaxial
growth plays a key role in the simultaneous controls of building complex biomaterials with
highly-ordered structure and multi- growth orientations, opening an alternative way to construct

biomimetic functional materials with rational designed orientation.
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