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The ultrastructure of nanoscale apatite biomimetically formed on an organic template
from a supersaturated mineralizing solution was studied to examine the morphological
and crystalline arrangement of mineral apatites. Needle-shaped apatite crystal plates
with a size distribution of ∼100 to ∼1000 nm and the long axis parallel to the c axis
([002]) were randomly distributed in the mineral films. Between these randomly
distributed needle-shaped apatite crystals, amorphous phases and apatite crystals
(∼20–40 nm) with the normal of the grains quasi-perpendicular to the c axis were
observed. These observations suggest that the apatite film is an interwoven structure of
amorphous phases and apatite crystals with various orientations. The mechanisms
underlying the shape of the crystalline apatite plate and aggregated apatite nodules
are discussed from an energy-barrier point of view. The plate or needle-shaped
apatite is favored in single-crystalline form, whereas the granular nodules are
favored in the polycrystalline apatite aggregate. The similarity in shape in both
single-crystalline needle-shaped apatite and polycrystalline granular apatite over a wide
range of sizes is explained by the principle of similitude, in which the growth and
shape are determined by the forces acting upon the surface area and the volume.

I. INTRODUCTION

Using a biomimetic approach to induce calcium–
phosphate deposition from supersaturated solutions of
simulated body fluid (SBF), bone-like apatite can be de-
posited on metals, ceramics, glasses, and polymers.1–7

Currently, this method is used to coat permanent im-
plants1–4 with the aim of improving biological compat-
ibility and osteoconductivity, as well as degradable scaf-
folds that support skeletal tissue repair and regenera-
tion.5–8 Because direct bonding between an implant and
bone can occur if a layer of bone-like mineral forms on
the surface of the implant,9 it has been hypothesized that

the formation of such a mineral layer within the pores of
a scaffold may enhance the conduction of host cells into
the scaffold and also enhance the osteogenic differentia-
tion of transplanted cells.6 Because changes in mineral
composition, structure, and morphology lead to biologi-
cal changes in vitro and in vivo, the material character-
ization of the mineral layer interfacing with the biologi-
cal milieu is of importance.

The macroscopic and nanoscopic morphology of apa-
tite coatings deposited from SBF are influenced by cal-
cium and phosphate concentration, pH, temperature, and
the presence of other inorganic and organic mol-
ecules.3,10–12 The morphology and structure of apatites,
in turn, dictate the biomechanical and biochemical
properties.2,3,5,13–16 However, few ultrastructural-level
studies (from 0.1 to 100 nm) on apatite films deposited
from SBF have been conducted, and most transmission
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electron microscopy (TEM) studies have been performed
on apatite powders or precipitates processed by methods
that are subject to limitations. For example, Lu and
Leng13 prepared TEM specimens by extracting the de-
posited film by an ultrasonic vibration method, and Chou
et al.3 prepared specimens by scraping off the deposited
film, suspending apatite precipitates in isopropanol, and
picking them up on Cu grids. It is difficult using these
TEM specimen preparation methods to observe thick
films (from >100 nm up to ∼1 mm), which may have
different morphological and crystalline arrangements
from those of the initially nucleated film (which is thin
enough to be electron transparent), without further thin-
ning. Various phases such as amorphous calcium phos-
phate (ACP), dicalcium phosphate (DCPD), octacalcium
phosphate (OCP), and hydroxyapatite (HA) were re-
ported to be formed in the biomimetically formed
mineral film, and the phases transform with time and the
thickness of the mineral film.10 In general, the phases
with lower energy barriers for nucleation are formed
initially, but they transform to the phases with lower
free energies. Apatite is known to have a higher energy
barrier for nucleation than other forms of calcium phos-
phates such as ACP, DCPD, and OCP. Therefore, the
initially nucleated film is likely to be composed of
metastable phases, and the microstructure of the initially
nucleated thin mineral film may not truly represent the
stabilized microstructure.

The crystal structure and orientation, morphology, and
phase distribution of biomimetically deposited films are
not well understood compared with those of synthetic
apatites processed by conventional means or natural apa-
tite.10–15 Furthermore, recent studies3,13 on the nano-
structure of mineral films deposited from SBF report
different crystal structures and morphologies, suggesting
a more complicated nature for apatite crystal growth
from SBF than synthetic apatite. For example, Lu and
Leng13 reported that they observed ACP and granular
OCP, instead of apatite, which is in contrast with the
observation of the plate-like and needlelike apatite re-
ported by Chou et al.3

The objective of this study was to analyze the ultra-
structure of calcium phosphate films biomimetically de-
posited onto poly(lactide-co-glycolide) (PLGA) substrates
from SBF using high-resolution electron transmission
microscopy (HRTEM). The SBF used in this study was a
modified solution, with a concentration of Ca2+ and
HPO4

2− ions twice as high as those in human blood
plasma to accelerate the biomimetic process, and the thick
mineral films (>100 �m) with a stabilized structure were
used for nanostructural analyses. Emphasis was placed on
the morphological and crystalline arrangement of various
phases of calcium phosphate to understand the mecha-
nism underlying the shape of apatite and/or other calcium
phosphate crystals in the fully grown films (>100 �m).

II. EXPERIMENTAL

Rectangular glass plates, 20 mm × 20 mm × 1 mm,
were coated with a solution of 5 wt% PLGA with a
lactic/glycolic ratio of 85:15 (Medisorb, Cincinnati, OH),
dissolved in chloroform, as previously described,17 and
used as a substrate for apatite deposition. The SBF was
prepared by dissolving chemicals into deionized water in
the sequence of 141 mM NaCl, 4.0 mM KCl, 0.5 mM
MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM
CaCl2–2H2O, and 2.0 mM KH2PO4, and titrating to pH
6.8 with NaOH at 25 °C. The SBF used in this study
was a 1× modified solution, with the concentration of
Ca2+ and HPO4

2− ions twice as high as those of human
blood plasma.17 The PLGA-coated glass was immersed
in the SBF and kept in an incubator at 37 °C. The SBF
was refreshed every day for 7 days to replenish the ion
concentration to supersaturated levels. Fourier transform
infrared (FTIR) spectroscopy (Spectrum BX FT-IR;
Perkin-Elmer, Norwalk, CT) was performed for sub-
structural and band analyses. Mineralized specimens
were coated with a thin layer of gold and were observed
under a scanning electron microscope (SEM) (Topcon,
Japan, SM-500); to identify surface morphology on a
scale of 0.1–100 �m.

For HRTEM observations, biomimetically deposited
films were detached by breaking or dissolving PLGA
between the calcium phosphate layer and the glass plate.
Pieces (width 3–8 mm, thickness ∼100 �m) of detached
films were broken into smaller pieces by bending, were
placed on a Cu grid with a hole (typically 1 mm in
diameter), and were attached using silver conductive ad-
hesive in the center of Cu grid (completely covering the
hole). Cu grids with calcium phosphate flakes were then
ion milled on both sides to get the thin area in the middle,
away from both surfaces, on a liquid nitrogen stage at
5 kV using an incidence angle of 11–12°. To prevent
damage to the specimens, ion milling was performed
below −100 °C.18 To ensure the samples were adequately
cooled before ion milling, the specimen rotation drive
rod was submerged in liquid nitrogen for at least 1 h prior
to ion milling. To get a large thin area on the mineral
film, a laser terminator was used to cut off the power of
the ion miller as soon as a hole was produced. The min-
eral films were thinned to <100 nm by thinning both the
top and bottom surfaces using the ion-milling method on
a cold stage. The arrangement and structure of stabilized
phases present in the mineral film can be observed in this
method.

HRTEM observations and selected-area diffraction
(SAD) analyses of bone-like mineral and bone were car-
ried out using a Jeol (Tokyo, Japan) JEM 2010 transmission
electron microscope operated at 200 kV. Using digitized
images and data, fast Fourier transform (FFT) patterns
with noise filtering were obtained and analyzed.18
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III. RESULTS

After seven days of immersion in 1× modified SBF,
PLGA substrates were completely coated with calcium
phosphate. At a low magnification [Fig. 1(a)], a con-
glomerated granular structure with needle-shaped pre-
cipitates was clearly visible. At a higher magnification,
the surfaces consisted of elongated thin plates grown out
of the surface of the granular structures. FTIR spectra
(Fig. 2) exhibited a broad band for O–H, ranging from
3000 to 3700 cm−1; a peak for O–H at 1650 cm−1; peaks
for P–O at 1270, 1185, 1080, 960, and 603 cm−1; and
peaks for C–O at 1551, 1460, and 863 cm−1. The pres-
ence of C–O indicates that the calcium phosphate is car-
bonated apatite.3,5,17 The carbonate content in the apatite

prepared by this method is in the range of 3–8 wt%,5

equivalent to the carbonate content of bone.
Ultrastructural images obtained by HRTEM [Figs. 3(a)

and 3(b)] clearly display needlelike apatite, with needle
lengths ranging from ∼1000 [Fig. 3(a)] down to ∼100 nm
[Fig. 3(b)]. The longer apatite needles were straight [Fig.
3(a)], whereas smaller needles (∼100–200 nm) were
curved [Fig. 3(b)]. The needlelike apatite observed by
HRTEM is thought to be the cross-sectional image of the
plate-like apatite crystals observed under the SEM [Fig.
1(b)]. The contrast of the regions surrounded by the
needlelike apatite crystals was gray compared to the dark
images of the needles, suggesting that the regions sur-
rounded by needles are either apatite with a different
orientation or a phase with different crystalline structure.

The SAD pattern (Fig. 4) matched with indices that
were obtained from HA. Although the carbonate substi-
tution in Type B carbonate apatites causes a change of
lattice constants (i.e., a decrease in the a axis and an
increase in the c axis),19 the change of lattice constants
for the carbonated apatite of 3–8% is so small that a
difference in diffraction patterns from those of pure HA
could not be identified. The rings with double and triple
indices indicate that those planes have interplanar spac-
ings that are so close that they cannot be separated into
separate rings in the diffraction pattern. The continuous
rings suggest that the coating consists of a great number
of different crystals. It should be noted that (002) rings
are also continuous, suggesting that the apatite crystals
have the c axis parallel to the plane of the view, but with
rotational freedom in this plane.

Figure 5(a) shows bright-field and Fig. 5(b) dark-field
images taken from the same area of a sample. The dark-
field image in Fig. 5(b) was obtained by placing the
objective aperture on the spot of the (002) ring in the
inset diffraction pattern of Fig. 5(a). Most needles on the
right-hand side of Fig. 5 were highlighted, suggest-
ing that they have 〈002〉 direction parallel to the plane
of the image in Fig. 5. Occasionally, bright round spots

FIG. 1. SEM micrographs of carbonated apatite deposits on PLGA
substrates. (a) At a low magnification, a conglomerated granular struc-
ture with needle-shaped precipitates was clearly visible. (b) At a higher
magnification, the surface was found to consist of elongated plates
grown out of the surface of the granular structure.

FIG. 2. FTIR spectra of the carbonated apatite deposits.
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[marked with white arrows in Fig. 5(b)] were observed in
the central region surrounded by needles, suggesting that
there are a small number of circular grains with crystal-
line orientation similar to that of the needles. Because the
diffraction rings matched with those of apatite and no
other diffraction rings were observed, the dark regions
surrounded by highlighted needles [Fig. 5(b)] are likely
apatites with different orientations and some amorphous
phase, as confirmed by the HRTEM images.

The HRTEM images also exhibited the same lattice
fringe image through a needle, revealing that most
needles are single crystalline. A scissors-shaped apatite,
two needles joined together in the middle, is shown (Fig.
6). A crystalline lattice image is clearly visible in the
needle, and the axis of each needle is parallel to the c axis
[(002) direction] of the hexagonal structure. The trans-
verse direction of the needles is parallel to the (100)
direction. The spacings between the (002) and (100)
planes were measured to be 0.34 and 0.82 nm, respec-
tively. It is interesting to note that each shear of the
scissors is single crystalline and that they form a low-
angle boundary (3°–4°) at the point where they join each
other because of their misorientation with respect to each
other. It is not clear whether the two shears joined after
they nucleated and grew independently or whether they
branched from one crystal. Nonetheless, it is clear that
each needle-shaped apatite is single crystalline.

Some regions surrounded by needle-shaped plates ex-
hibited granular apatites (marked with “A”, “B,” and “C”
Fig. 7) and ACP (indicated by white arrows). The FFT
patterns from grains A and B revealed that the zone axis
of grain A is [110] and that of grain B is [013]. Therefore,
the angle between the zone axis of grain A and the c axis
of the hexagonal structure is zero, and that of grain B and

FIG. 3. Ultrastructure of the carbonated apatite deposits observed by
HRTEM, showing needlelike apatite with needle lengths ranging be-
tween 100 and 1000 nm. (a) The longer apatite needles (∼1000 nm)
were observed to be straight, whereas (b) smaller needles (∼100–200
nm) were curved.

FIG. 4. Diffraction pattern from carbonated apatite deposits. The pat-
tern matched with indices obtained from HA. The change of lattice
constants for the carbonated apatite with 3–8% carbonate substitution
is so small that a difference in diffraction patterns between HA and
carbonated apatite could not be identified. The continuous rings sug-
gest that the coating consists of a great number of different crystals.
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the c axis is 85.4°. Grain C has a similar orientation to
grain B, but with a rotational symmetry. The presence of
A-type grains with the c axis parallel to the substrate is
limited, as evidenced by the dark region surrounded by
highlighted needles in the dark-field image [Fig. 5(b)].
Most grains in the central region surrounded by needle-

shaped apatites have an amorphous phase or a differ-
ent crystallographic orientation than the needle-shaped
apatites and are mostly oriented with the c axis quasi-
perpendicular to the substrate. This orientation differ-
ence explains why the central region surrounded by
needle-shaped plates was mostly dark in the dark-field
image [Fig. 5(b)] obtained from that part of the (002)
ring.

FIG. 5. (a) Bright-field and (b) dark-field images taken from the same
area. The dark-field image in (b) was obtained by placing the objective
aperture on the spot of the (002) ring in the inset diffraction pattern of
(a). Black arrow refers to needles that have 〈002〉 direction parallel to
the plane; white arrows refer to small circular grains with crystalline
orientation similar to that of the needles.

FIG. 6. HRTEM image of scissor-shaped carbonated apatite. A crys-
talline lattice image is clearly visible in the needle, and the axis of each
needle was parallel to the c axis [(002) direction] of the hexagonal
structure.

FIG. 7. High-magnification image of a region surrounded by needles
exhibits some granular apatites The FFT patterns from grains A and B
revealed that the zone axis of grain A is [110] and that of grain B is
[013]. Regions of ACP are indicated by the arrows.
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ACP is not a major component of the mineral but is
observed in limited regions (Fig. 8). ACP is thought to be
formed at the beginning of the deposition due to a lower
surface energy than OCP and apatite.20 There are small
crystalline particles (parallel lines identified with arrows)
with a size of 2–3 nm. The FFT pattern (Fig. 8, inset) also
exhibited a halo from ACP and some discrete spots from
the crystalline phases. The spacing between lattice
fringes of crystalline particles was in the range of 0.27–
0.29 nm. Because the lattice spacing of the small par-
ticles was similar to those of (112) or (211) planes, they
are most likely apatite crystals crystallized from ACP.
The exact orientation of the particles in Fig. 8 could not
be unambiguously identified because of the small size of
the particles. Because the critical diameter for the stabil-
ity of an apatite nucleus was estimated to be 1 nm,21 the
particles shown in Fig. 8 are thought to be close to the
nuclei of apatites.

IV. DISCUSSION

The presence of needle-shaped apatite crystals with a
wide range of sizes (100–1000 nm) suggests that apatite
crystals grow with time following initiation onto the sub-
strate. The similarity in shape over a wide range of sizes
can be explained by the principle of similitude, which
suggests that the growth, decay, and shape of any struc-
ture are determined by the forces acting upon it.22,23

Thomson23 suggested that a common shape across dif-
ferent scales is due to the fact that some physical forces
act in proportion to surface area, while others are pro-
portional to the volume of the body. Scaling has a physi-
cal significance in that the underlying mechanisms of a
given process can be assumed to be unchanged over the

regime in which the scaling holds.23,24 The principle of
similitude has been observed in many biological22–24 and
materials25–27 systems. The forces associated with sur-
face area and volume in determining the shape of apatite
crystals will be discussed below.

The biomimetically deposited mineral consists of dif-
ferently oriented carbonated apatite crystals and some
ACP. Needle-shaped apatite is oriented with the c axis
parallel to the long axis of the needles. The observation
that needle-shaped apatite is single crystalline is compat-
ible with the recent study of Aiziwa et al.15 on synthetic
carbonate-containing apatite fibers. The regions sur-
rounded by needle-shaped apatite exhibit amorphous
phases and crystalline grains with the c axis mostly
quasi-perpendicular to the long axis of the needle-shaped
plates (which are parallel to the plane of the substrate).
These observations suggest that the mineral film is an
interwoven structure of an amorphous phase and apatite
crystals with various orientations.

The presence of continuous (002) rings has been ob-
served in some biomimetically grown mineralized
films.2,28 The random distribution of needle-shaped
plates with the c axis parallel to the long axis on the plane
of the view [Fig. 3(b)] is compatible with the appearance
of a continuous (002) ring (Fig. 4). This observation is in
contrast with that of lamellar bone29 in which a partial
(002) ring was observed, indicating a preferred orienta-
tion of needle-shaped apatite plates. However, a continu-
ous (002) ring was observed in murine trabecular
bone30,31 and human dentin.32 The difference in orienta-
tion distribution of apatite crystals among different sys-
tems may be associated with a stress effect. The arrange-
ment of apatite crystals aligned along the principal stress
direction is well known.33,34 The trabecular bone in the
proximal femur is subjected to a more complex stress
state than the lamellar bone in the mid-diaphysis.30,31,34

In the case of trabecular bone and dentin in which the
major stress components are multidirectional, the apatite
crystals need to be oriented such that they can resist the
load from multiple directions,30,31 resulting in no pro-
nounced preferred orientation distribution of apatites.
The principal stress component of lamellar bone in the
mid-diaphysis is mostly uniaxial (parallel to the long
axis), and apatite crystals are aligned along the long axis
of the bone. Because the apatite crystals formed in SBF
experience no other major external stresses, the needle-
shaped crystals have no preferred orientation in the plane
of the film.

The mineral apatite in bone is plate-shaped with
the c axis parallel to the long axis of the mineral
plate,30,31,35,36 which suggests that the needles and/or
plates are thermodynamically favorable. Because the
c axis (0.688 nm) is shorter than the a axis (0.942 nm)
in the hexagonal structure of HA, the planar density
of calcium is smaller in the plane perpendicular to the c

FIG. 8. HRTEM image of ACP region with small crystalline apatite
particles. Inset: FFT pattern.
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axis. One consequence of the anisotropic distribution of
atoms is the orientation dependence of surface energy,
which is dependent on the orientation dependence of the
bonding strength of crystalline apatite. The observation15

that apatite fibers cleave along the long axis (which is
parallel to the c axis) when they are fractured suggests
that apatite is weak along the planes oriented parallel to
the c axis.15 Because the fracture work of brittle materi-
als is dominated by the surface energy,37,38 cleavage
along the c axis15 suggests that the surface energy of the
planes parallel to the c axis is lower than that of the basal
plane of the hexagonal structure of apatite. Apatite plates
on the surface [Fig. 1(b)] were nucleated from solution;
therefore, the strain energy due to the volume change and
the strain mismatch between different lattices during pre-
cipitation is not likely to play a major role. Therefore, the
predominant energy barrier for the nucleation and growth
of apatite plates near the surface is thought to be the
surface energy. The nucleation and growth of plate or
needle-shaped apatite with the long axis parallel to the c
axis are compatible with the suggestion that the plane
parallel to the c axis in apatite single crystals has a lower
surface energy. The plate or needle-shaped apatite is thus
favored in single-crystalline apatites from the energy-
barrier point of view.

Another interesting observation is the nodular apatite
grains [Fig. 1(a)] at a low magnification despite the plate-
type crystals [Fig. 1(b)] on the more microscopic scale.
The formation of granular apatite nodules also can be
explained in terms of surface-energy criteria. The min-
eral film consists of differently oriented apatite crystals
and some ACP, which can be considered to be isotropic
on a macroscale. In this case, the surface energy of the
polycrystalline apatite nodules (with some amorphous
regions) can be considered to be isotropic in contrast to
anisotropic surface energy in plate-type monocrystalline
apatite. The sphere-type apatite nodules are favored to
reduce the surface area in polycrystalline form.

We note the similarity in shape and orientation be-
tween the biomimetically deposited apatite28 and tra-
becular bone.30,31,39 The diffraction patterns from murine
trabecular bone30,31,40 exhibit continuous rings of (002),
(210), (112), (310), (222), (123), and (004), matching the
rings observed in the present study. The orientation of the
needle-shaped plates observed in this study is therefore
similar to that of trabecular bone.30,31,40 The similarity in
crystalline arrangement and morphology between plate-
type apatite in bone and biomimetic apatite reported in
other studies10,11,28,30,31,41–43 also supports the principle
of similitude in apatite formation.

V. CONCLUSIONS

Apatite films biomimetically nucleated and grown on
PLGA substrates consisted of differently oriented car-

bonated apatite crystals and some ACP. Needle-shaped
apatite was single crystalline. The biomimetically formed
mineral is an interwoven structure of amorphous phases
and apatite crystals with various orientations. Plate or
needle-shaped apatites are favored in single-crystalline
apatites from energy-barrier point of view. The conglom-
eration of apatites can be considered to be isotropic on a
macroscale, and the surface energy, therefore, can be
reduced by forming nodular apatite grains on a larger
scale. The similarity in shape either in single-crystalline
needle-shaped apatite or polycrystalline granular apatite
over a wide range of sizes conforms to the principle of
similitude in which the growth and shape are determined
by the forces acting upon the surface area and the vol-
ume.
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