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Abstract
Over the past two decades, numerous studies have investigated and characterized the transient and amorphous phases in early
stages of mineralization as well as their transition mechanisms to apatite crystals in buffered solutions. Recently more attention
has been drawn to the identification and characterization of collagen structure and how it can affect mineralization in contact with
non-collagenous protein and calcium phosphate clusters. This review highlights some of the pathways and mechanisms through
which amorphous calcium phosphate clusters form. The conversion of these clusters into hydroxyapatite crystals is also
reviewed. The thermodynamic aspects of nucleation and growth processes based on classical and non-classical nucleation
theories related to hydroxyapatite are discussed. In addition, this paper is written to address the significant progress on mecha-
nisms and pathways engaged in mineralization of collagen fibrils. Finally, it addresses some of the breakthroughs and limitations
in the field of collagen biomineralization studies and new challenges in this field of study.
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1 Introduction

Biomineralization is an intricate process by which living or-
ganisms produce minerals such as carbonates and phosphates.
Tissue matrices, and the area around them, provide compart-
ments for these minerals to deposit [1]. The mineralization
onto collagen, a protein that is present in many organisms, is
a scenario in which water within its matrix is completely re-
placed with calcium and phosphate precipitants [2]. This phe-
nomenon provides mechanical support for many types of or-
ganisms from unicellular organisms to large mammalian ones.
However, in vivo exploration of collagen biomineralization is
complicated due to the numerous mechanisms that are occur-
ring simultaneously within any tissue. Therefore, in vitro
models are sometime used to simplify mechanism of

biomineralization, for this paper, the precipitate within colla-
gen fibrils [3].

An important precipitate in collagen fibrils is hydroxyapatite
(HA). While the formation of HA can require multiple steps,
the first stage usually requires the presence of both calcium and
phosphate ions, often supersaturated in solution. These ions
then aggregate to form amorphous nanoclusters or calcium
phosphate complexes [1]. Calcium phosphate complexes are
among the more well-studied biomineralization complexes. In
addition they are known as precursors of HA which is the
predominant inorganic component in mammalian hard tissue
such as bone, teeth of vertebrates [4]. Understanding the phys-
iological HA formation in bone is key to creating biomaterials.
Figure 1 demonstrates the role of HA in the hierarchy of bone
formation. The pathological calcification also cannot be under-
stated as biomineralization is present in diseases such as calcific
tendonitis, gallstones, and others.

The pathways and mechanisms of HA formation in colla-
gen fibrils can be studied by reviewing the kinetics and mech-
anisms associated with nucleation. Broadly, nucleation can be
broken into classical and non-classical nucleation [6]. Both
nucleation processes are defined in sections later in the paper.
However, understanding the nucleation and growth processes
of calcium phosphate minerals is vital for numerous biological
and tissue engineering applications [7].
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This review discusses thermodynamic and kinetic aspects
of biological nucleation and growth processes. In addition,
mechanisms and pathways of biomineralization within colla-
gen matrix are discussed. Finally, elementary features of for-
mation and transformation of amorphous calcium phosphate
(ACP) into more stable phase are addressed.

2 Classic nucleation theory

Classical nucleation theory (CNT) emerged with Gibbs’s
work in the late nineteenth century [5, 8]. CNT enables us to
understand the nucleation of a thermodynamic phase in a so-
lution. It also provides some reasonable assumptions to esti-
mate nucleation rate [9]. According to CNT, nucleation begins
through the attachment of monomers on the surface of grow-
ing particle, as schematically shown in Fig. 2a. In a supersat-
urated solution, a balance between the surface and bulk Gibbs
free energy, ΔGS and theΔGb, respectively, determines the
withering or growth of the nanoparticle. If the particle is as-
sumed to be a sphere, the surface energy scales with square of
its radius (r) and bulk energy scales with cube of its radius (r).
Figure 2b schematically shows what happens to the ΔG as the
nanosized particle grows, while Eq. 1 details out the mathe-
matical formula [10].

ΔG ¼ ΔGb þ ΔGs→ΔG ¼ −
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In Eq. 1, α represents the interfacial energy, kB is the
Boltzmann’s constant, T represents the temperature in

Kelvin, σ is the supersaturation value, and Vm is the volume
per molecule of nucleus.

It is possible to derive the critical radius needed, rc, for the
nucleation to grow and its ΔGn. Both are shown below in Eqs.
2 and 3, respectively

rc ¼ 2αVm

kBTσ
ð2Þ

Fig. 1 Hierarchical structure of bone hydroxyapatite. On the macroscale,
bone can be subdivided as compact on the exterior and spongy on the
interior. The former is composed of osteons, containing a mineral matrix
and osteocytes and Haversian canals surrounding the blood vessels. The
lamellar structure of osteons is made up of an interwoven network of

collagen fibers, which consist of collagen fibrils. The structure of a
collagen fibril presents three chains of amino acids formed in a triple
helix and crystals of hydroxyapatite, composed of calcium and
phosphorus. Reprinted with permission from [5]

Fig. 2 a Classical nucleation begins through particle attachment on the
surface of a growing particle based on CNT. b Schematic of how the
Gibbs free energy is a function of the size of the nucleus and how
everything relates to the combination of surface (interfacial) and bulk
energy. Reprinted with permission from [9]
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ΔGn ¼ 16πVmα3

3kB2T2σ2
ð3Þ

In the classical perspective of crystallization, growth pro-
cess proceeds via formation of many stable particles.
However, it does not take into consideration the ability of
several small nuclei, with radius below the critical radius,
encountering each other and potentially leading to growth of
nucleus.

3 Non-classical nucleation theory

Recent observations have shown that nucleation process of a
crystal can occur when nuclei come into contact with each
other forming a larger particle [11]. This is referred to as
non-classic nucleation. This behavior, known as the
Oswald’s step rule, occurs in complex materials such as poly-
meric solutions, minerals, and colloids. Oswald’s rule ex-
presses that an unstable phase does not transform directly to
a more stable phase. It tends to reach an intermediate phase
which is close to initial phase in term of total free energy. The
existence of these intermediate phases can effectively mini-
mize energy barrier of nucleation. This is because these inter-
mediate equilibrium points affect both the values of α and σ,
causing a smaller ΔGn. This in turn increases the likelihood of
each intermediate step to occur. As a result, intermediate steps
can occur at supersaturation levels lower than those in CNT
[11]. Thus, nucleation proceeds via non-classical nucleation
theory (also known as two-step nucleation process). First step
is the formation of clusters in the solution having critical ra-
dius. Second step initiates through the formation of crystalline
nucleus via rearranging the lattice structure of cluster. The
non-classical nucleation will occur when the energy required
is less than that of CNT [9]. This is shown in Fig. 3b–c.
Figure 3 also shows the total free energy difference in two
classical and non-classical theories in the presence of an inter-
mediate phase. However, the total free energy-related equa-
tions obtained for CNT can also be considered for non-
classical pathway. In Eq. 1 the sign of the ΔGs is positive
leading it to act as a nucleation energy barrier, especially when
r ≪ rc. From the same equation, increasing particle size beyond
rc leads to stability of the particles. Consequently, total free
energy or nucleation energy barrier is controlled by bulk free
energy term.

From the mineralization perspective, pre-nucleation clus-
ters (PNCs) in solution play a vital role in early steps of nu-
cleation process [15]. What differentiates PNCs from other
nuclei is unlike CNT nuclei which are solid, and PNCs are
clusters of molecules often in aqueous form and thus are amor-
phous liquid clusters. PNCs could aggregate to form an inter-
mediate, transient and amorphous phase and mediate crystal-
lization. This amorphous phase is known as main precursor of

formation of more stable crystals [11]. Using a colloidal mod-
el, Zhang et al. investigated crystallization starting from amor-
phous phase [13]. Zhang et al. pointed out that amorphous
clusters form in the suspension to minimize the interfacial
energy, subsequently, and reduce energy barrier of nucleation.
In fact, the amorphous cluster needs to reach a critical size to
become metastable and to grow outwardly. Finally, due to the
fact that energy barrier is lowered, crystalline nucleus begins
forming from amorphous phase, as seen in Fig. 3 c, d, e, and f.
Habraken et al. combined high-resolution cryogenic transmis-
sion electron microscopy and performed chemical analysis to
explore non-classical pathway of hydroxyapatite crystals for-
mation [14]. The analysis revealed that calcium triphosphate
complexes (PNC) which aggregate and consume extra calci-
um ions from solution form amorphous calcium phosphate
(ACP). Afterward, metastable phase octacalcium phosphate
forms at the expense of ACP which is followed by the forma-
tion of hydroxyapatite.

4 Transformation of amorphous calcium
phosphate to hydroxyapatite crystals

4.1 Dissolution-precipitation mechanism

Dissolution-precipitation mechanism was firstly proposed
by Blumenthal et al. who stated that there are three fun-
damental steps for the transformation of HA from ACP, as
shown in Fig. 4a, follows a non-classical method of nu-
cleation colloidal growth [16]. The first step is the disso-
lution and hydrolysis of calcium and phosphate ions initi-
ates on the surface of ACP. The second step is the move-
ment of hydrated ions through the surface of ACP. The
third and final step is that these ions nucleate and grow
on the preferred side of ACP surface. These steps are
well-exhibited in a study by He et al. shown in Fig. 4b–
c [17] They utilized in situ liquid cell TEM to image ACP
to HA transformation in real time. They demonstrated that
these ions nucleate and grow on the ACP surfaces as ACP
is being dissolved. In fact, growth of HA onto the surface
of ACP takes place via aggregation and coalescence
mechanism. Based on the Oswald step rule as a thermo-
dynamic viewpoint of nucleation and growth, any forward
moving reaction will reach lower surface energies.
Because metastable phases have similar structure to their
precursors in aqueous solution, they are more likely to
increase their chances to nucleate. At the start of the nu-
cleation growth process, the hydrogen bonds available in
ACP are weak. Therefore, the dissolution of metastable
ACP phase takes place at the ACP/solution interface.
This where the hexagonal packing of Posner clusters can
be transformed to long-range ordered structures of HA
nuclei [19]. The dissolution rates of ACP can be obtained
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analogous to the formation of nuclei for crystal growth
based on equation below [20].

R rð Þ≈R∞ 1−
r*

r

� �
ð4Þ

Here r stands for radius of a pit, r* is the critical radius of
ACP, R∞is the velocity of dissolution at r→∞. The free en-
ergy (ΔG) is for the nucleation of a pit. Based on the CNT
theory, the ΔG can be calculated by equation below.

ΔG rð Þ ¼ πr2h
Ω

kTlnσþ 2πrhα ð5Þ

In Eq. 5 r is the radius, h represents the depth of a pit, α is
the interfacial free energy, Ω is molecular volume, and σ is
degree of supersaturation (when σ < 1, the solution is under-
saturated). And the critical size of radius (i.e., r*) can be ob-
tained by setting ∂(ΔG)/∂(r) = 0 leading to the equation below.

r* ¼ αΩ
jkTlnσj ð6Þ

Oswald step rule expresses that the least stable phase will
remain in an aqueous phase. The Oswalt step rule also states
that ACP to HP conversion takes place through solution-
mediated mechanism. Accordingly, ACP phase dissolves
and then acts as a seed to form a more stable phase, HA.

These HA nanocrystals eventually aggregate to form larger
crystals. Therefore, the nucleation rate is directly analogous
to degree of supersaturation at the beginning of precipitation;
see Eq. 7 below [21].

J ¼ Aexp
−βγ2υ4=3

3k2T2 lnσð Þ2
 !

ð7Þ

In this equation, γ states the interfacial energy to form of
the critical nucleus, which we can approximate to be 1.2 nm, A
is pre-exponential constant, T represents the temperature in
Kelvin, ν is the molecular volume-related crystallizing phase,
which for HA is 5.287 × 10–28m3, and β is a geometric factor
regarding the perimeter of the surface, in this case for cubic-
like nuclei, β equals to 4.

The main driving force for the formation and aggregation
mechanism of HA crystals is to minimize interfacial energy.
When interfacial energy (γ) and the radius of the nucleus (r)
are given, the total Gibbs free energy of the system (ΔG) is
obtained by the following equation:

ΔG ¼ 4

3
πr3ΔGm

b þ 4 πr2γ ð8Þ

In this equation ΔGm
b is the Gibbs free energy of the bulk

HA per unit volume [22]. For the case of HA crystal in aque-
ous solution, γSL represents the solid-liquid interfacial energy.

Fig. 3 a Nucleation proceeds via a two-step process. First step is the
formation of clusters in the solution having critical radius. Second step
initiates through the formation of crystalline nucleus. b Free energy pro-
file of nucleation based on non-classical pathway. The graph shows
changes of ΔG as a function of nucleus sizeΔG* ¼ ðΔG*

2−ΔG
*
1 ) stands

for the large difference between energy barrier generated by small parti-
cles r < rc and large ones r > rc. Reprinted with permission from [7]. c

Variation of free energy for different crystallization pathways starting
from calcium and phosphate ions. Reprinted with permission from [12].
d The presence of colloid molecules in the mother phase, e the formation
of amorphous phase onto the glass surface in suspension, and f beginning
crystallization from the core of amorphous phase. Reprinted with permis-
sion from [13]
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For the case of aggregated HA crystal, γSV stands for the solid-
gas interfacial energy. For most of the HA crystal planes, such
as (100), (110) and (004) facets, the value of γSL is much
larger than that of γSV [22].

ACP to HA conversion is also influenced by factors other
than saturation level. These factors include pH and additives
such as ions such as Mg and Si [23]. Where the driving force
for HA (high supersaturation) is relatively high, pH of solution
is about 10, leading to the precipitation ofmore stable phase of
HA crystals. Based on Tung and Brown’s study, a typical
ACP to HA conversion kinetics experiment suggests the pres-
ence of two processes [23]. First is the consumption of acid,
ACP forming into HA, when pH is less than 7 and then the
reverse reaction when the pH is greater than 7. The forward
reaction is shown below.

Ca9 PO4ð Þ6 þ 7H20→Ca8H2 PO4ð Þ6 � 5H20þ Ca2þ

þ 2OH−

To confirm previous study, Lazic showed that pH value
significantly impacts the content of Posner clusters (also
called loosely aggregated PNCs) [24]. The study showed that
at a pH greater than 7 HA growth units form such as proton-
ated phosphate and hydrated calcium ions.

Kim et al. revealed that the higher the calcium to phos-
phate ratio is, the faster ACP to HA conversion occurs
[18]. In addition, crystallization of ACP into HA changes
with various ratios of calcium to phosphate. ACP to HA
transformation takes place faster in solution with higher
Ca/P ratio. A significant amount of the initially formed
ACP particle size will decrease rapidly due to forming
ion-rich region in the solution. ACP to HA transformation
occurs in a buffered solution with Ca/P ratio = 1.83 in
which particle size of ACP reduces overtime as HA pre-
cipitants appear on their surface [18].

4.2 Internal rearrangement mechanism

West proposed that there is an internal rearrangement process
during the ACP to HA transformation [25]. He showed that
spherical structures of roughly 150 Å in diameter are specific
characteristics of ACP in its amorphous phase. Afterward,
ACP directly transforms into plate-like or needle-like HA
via rearranging lattice structure without any change in its mor-
phology. Abbona et al. revealed that HA nucleus forms ho-
mogeneously within the ACP particle by internal rearrange-
ment process [26]. They showed that crystal structure of HA is
frequently hexagonal and contains an arrangement of the
phosphate tetrahedra surrounded by calcium ions. This is be-
cause HA crystal structure is highly dense in the (1010) direc-
tions. Ionic calcium polyhedral present in ACP structure must
appropriately arrange in (1010) directions with the phosphate

tetrahedra for this process to be associated with ion exchange.
From the cluster growth model perspective ACP to HA trans-
formation can occur through epitaxial matching states rear-
rangement. During this process, stacked Ca3(PO4)2 pre-
nucleation clusters and hydroxide and calcium ions move into
the vacancies available among the PNCs [19]. Afterward,
formed Ca9(PO4)6 clusters could be building block units for
growth of HA which are identical to the structure of Posner’s
clusters. One of the most efficient methods to quantitatively
evaluate the phase transformation of the ACP to HA process is
to use static light scattering (SLS). This method allows for that
tracking of changes in molar mass, size, and internal structure
of aggregates. Estimating intensity of scattered light from
ACP aggregates helps to calculate the mean molar mass
(Mw) and inertial radius (Rg). These parameters can be calcu-
lated based on equation below.

Kc

ΔR qð Þ ¼
1þ R2

gq
2=3

Mw
þ 2A2c ð9Þ

Here ΔR(q) is the solution’s Rayleigh ratio, c stands for
unique material constant, and A2 represents the second virial
coefficient [28].

Initially aggregates in the solution are considered ACP that
eventually transform to HA nanocrystals. These aggregates
are loosely packed and tend to minimize their energy by ar-
ranging their structure into HA nanocrystals. As transforma-
tion process proceeds, internal density and molar mass of the
aggregates increase, whereas their radii remain intact. In high
density, an immediate arrangement of ACP internal structure
is preferred as it minimizes total free energy compared to
random rearrangement of growth units. Furthermore, HA
nanocrystals deposit through direct transition from ACP. As
the number of particles attached to the aggregate increases, the
loosely packed structural of ACP changes to closed packed
structure of HA. The direct transformation of ACP to HA
takes place by partially breaking ionic bonds between ACP
molecules. The growth units both ACP and HA are Posner’s
clusters. This suggests that the transformation HA from ACP
occurs by internal rearrangement process. Otherwise, the ag-
gregates of ACP would have dissociated and then re-
precipitate to overcome total free energy upon transition [20,
27, 29]. Kim et al. indicated that in the solutions with various
calcium to phosphate ratios (1.67, 1.83, and 2.0), the extra
calcium ions increase the ACP to HA conversion [27].
Generally, HA crystals tend to be calcium deficient and could
compensate for lack of calcium from the solution, shown in
Fig. 5a. The progress of crystallization is responsible for the
increase in calcium to phosphate ratio confirming that internal
rearrangement process is involved for ACP to HA conversion.
Moreover Kim et al. used TEM and selected area electron
diffraction (SAED) to investigate ACP to HA transition at
reaction times of 3 and 5 h. At reaction time of 3 h, shown
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in Fig. 5b, morphology of particles is spherical, characteristic
of ACP. The SAED pattern shows the presence of amorphous
phase as predominant phase in the nanoparticles. However,

after 5 h of reaction, a few HA nuclei are observed in dark
field (DF) image as bright spots which are clearly indicated in
SAED pattern.
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Somrani et al. showed that two mechanisms are engaged in
amorphous tricalcium phosphate (ATCP) to HA conversion
[29]. First, dissolution-precipitation mechanism occurs at high
liquid-to-solid (L/S) ratios, and second, internal rearrange-
ment phenomenon occurs at low L/S ratios. In the latter, the
hydrolysis of phosphate units and the formation of hydroxide
ions are vital for rearranging ATCP clusters [29, 30]. The
reactions below show the beginning of internal arrangement
process in ATCP clusters via hydrolysis of phosphate ions.

H2Oþ PO4
−3→HPO4

−2 þ OH−

Ca9 PO4ð Þ6 þ H2O→Ca9HPO4PO45OH

4.3 Kirkendall effect

Generally, atomic diffusion is possible in all states of matter,
whether it is gas, liquid, or solid. Diffusion is usually far slower
for solids in comparison to liquid or gas. Ernest Kirkendall was
the first person who has established a mechanism for diffusion in
solids [30, 31]. What was realized is that in high temperature,
inter-diffusion is attributed to the movement of the interface be-
tween two different phases, so-called the Kirkendall effect. This
phenomenon could take place by vacancy exchange [32].
Kirkendall effect has been studied in metal-based materials such
as cobalt oxide, zinc oxide, and ferrite. However, it has not been
well studied in the phase transformation of biomineralization.
Tao et al. looked into this phenomenon as it relates to HA trans-
formation from ACP [33]. Figure 6 shows how aggregation and
coalescence of ACP nanoparticles occur in order to efficiently
minimize the interfacial free energy. This phenomenon takes
place by Ostwald ripening in which larger nanoclusters grow
as smaller ones are gradually dissolved [34]. HA nanocrystals
nucleate on ACP/solution interface and expand outwardly, and
HA transformation begins by material flow flux from internal
structure of ACP. According to Kirkendall effect, inter-
diffusion of two phases at the interface depends on their diffusion
flux. Any significant difference in flux for two phases might
bring about to a directional flow of matter at their interface.
When the diffusion flux toward shell is larger than toward the

�Fig. 4 a Transformation of ACP to HA through dissolution-precipitation
mechanism. Step 1 is the aggregation of PNCs. Step 2 is the formation of
ACP. Steps 3 and 4 are the aggregation and coalescence of ACP nano-
particles and precipitation of HA nuclei on the surface of ACP. Step 5 is
the dissolution and hydration of ACP. Step 6 is the conversion of ACP to
HA. b and c TEM images of dissolution and precipitation of ACP particle
in artificial saliva solution and heterogeneously nucleation of HA on the
surface of ACP particle and growth of HA through aggregation and co-
alescence mechanism, respectively. Scale bars are 100 nm. Reprinted
with permission from [17]. d Rates of pits formation as a function of size
for (201) and (001) planes at under-saturation values of σ = 0.060 and
0.172, respectively. As shown, there is a direct correlation between the
dissolution rate and the size (length) of the pit; under-saturation level is
described by σ = 1 – S. Reprinted with permission from [19]

Fig. 5 a Impact of Ca/P ratios (1.67, 1.83, and 2) on reaction time of ACP
to HA transformation. Extra Ca ions increase conversion rate of ACP to
HA. Reprinted with permission from [27]. bTEM images of transforming
ACP particles to HA via internal rearrangement process. (a), (b), and (c)
show bright field (BF), dark field (DF) images, and SAED pattern of
specimen at reaction time of 3 h, respectively, indicating that predominant

phase is ACP, whereas (d), (e), and (f) illustrate BF, DF images and
SAED pattern of specimen at reaction time of 5 h, respectively. Bright
spots in DF image indicates the presence of HA nuclei onto the surfaces
of ACP particles, and crystallinity is observed in SAED pattern.
Reprinted with permission from [27]
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core, the interface moves toward the shell. Therefore, the vacan-
cies are left behind until they form a void [33]. The diffusion flux
of ACP ions from core to shell is calculated according Fick’s first
law of diffusion.

q ¼ −D
∂C
∂x

ð10Þ

In which q is diffusion flux (mol.m−2 s−1), D is diffusion
coefficient (m2/s), C is concentration (mol/m3), and X is po-
sition (m) [34, 35].

4.4 Spiral growth

The growth process of crystals from solution can be achieved by
several cooperative mechanisms. These mechanisms include at-
tachment of molecules onto the surface, diffusion toward active
points on the surface, and the detachment at those active points.
During this process, growth steps must be produced consistently
which are influenced by supersaturation factor in the system. If
the driving force is below critical value, intrinsic dislocations
become responsible to direct nucleation and growth processes
on the surfaces. The stacking faults provide screw dislocations as

an endless source upon growth process. This growth preserves
first formed stacking fault of the lattice. Particle attachment along
screw dislocation leads to the formation of spiral growth hillocks
which lead to crystallization growth [35, 36]. The growth rate is
given by the equation below.

G ¼ kg Sa−1ð Þg ð11Þ

Here G (m/s) is the growth rate, Sa is the activity-based
supersaturation ratio, kgis growth rate constant, and g is the
growth order at low supersaturation level. When the growth
process is dominated by dislocations spirals, value of g is
considered [35, 36].

Li et al. showed the morphology evolution during HA surface
growth by spiral growth mechanism [37]. They also showed that
the aggregation of Posner nanoclusters and pre-nucleation
nanoclusters is suggestive of classical crystallization mechanisms
such as spiral growth. Based on classical mechanisms, growth of
HA nanocrystals occurs by addition of individual ions on crystal
surfaces. Incorporation of such these ions inside the crystal struc-
ture encounters high energy barrier during growth ofHA crystals.
The HA solubility is a critical factor in determining the rates of
ion-by-ion attachment. In the cases where HA is soluble, spiral

Fig. 6 TEM and SEM images of
ACP-to-HA transition via
Kirkendall effect coupled with
surface crystallization. a TEM
images of ACP nanoparticles, b
aggregation of ACP nanoparticles
and formation of large ACP par-
ticle, and c nucleation and growth
of HA on the surface of HA
through diffusion of ions from
core (higher concentration) to-
ward shell (lower concentration)
till formation of void based on
Kirkendall Effect. d SEM image
of HA crystals around voids indi-
cating that ACP completely
transformed to HA and left void
behind. Reprinted with permis-
sion from [33]
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growthmechanismmight be energetically favorable for HA crys-
tallization. This then leads to the formation of hexagonal growth
hillocks on the (100) surface of HA [37]. Figure 7 shows in situ
AFM images of HA formation along (100) face in a supersatu-
rated solution along screw dislocation. In addition, this figure also
shows the formation of HA in six unique directions and the
velocity of step growth process as a function of different super-
saturation values.

4.5 Layer-by-layer growth mechanism

Lotsari et al. investigated a pathway of mineralization on bone-
biomimetic polymerized lyotropic liquid crystal (PLLC) [38].
They indicated that ACP clusters form as amorphous granules
(d ≈ 50–80 nm). These amorphous clusters transform into thin
plate-like crystal HA (50 × 30 × 2 nm3). ACP to HA transfor-
mation initiates by cluster migration with layer-by-layer growth
process confined within the spaces of the PLLC matrix, as sche-
matically exhibited in Fig. 8a. The high-resolution TEM images

shown in Fig. 8b reveals the continues crystallization of HA
within ACP nanoparticle through layer-by-layer mechanism. It
also shows the elongation of particle along c-axis of crystalline
region due to the difference in density between amorphous and
crystalline phases. The nucleation of crystalline phase initiates
from confined space of PLLC matrix and growth occurs along
c-axis of PLLs fibrils [38].

5 The impact of external factors
on biomineralization

5.1 The effect of pH

Conversion rate of ACP to HA can be controlled by pH values
between 6.8 and 10 with anions such as carbonate being used
[39]. This rate increases as pH value goes up from 7 to 10, and
this upward trend is reversed at pH greater than 10. When the
pH is close to 9, the ACP to HA transformation proceeds via

Fig. 7 In situ AFM of growth
process of HA along (100) plane.
a, b Particle attachment along
screw dislocation and formation
of spiral growth hillock at σ (HA)
= 18. White dotted line indicates
step height (8.21 Å); arrows show
first formed HA particles. c
Shows six unique directions dur-
ing growth process of HA in
which Lc is critical length of each
step. d Indicates step growth ve-
locity in the direction of [001] —
as a function of supersaturation
values. The black and red lines
state raw data and corrected data
measured by AFM (R2 = 0.89), in
sequence. Reprinted with permis-
sion from [37]
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the formation of octacalcium phosphate (OCP) as an interme-
diate metastable phase. Thereafter, plate-like crystals of HA
begin nucleating on the surface of OCP. At a pH above 10, the
concentration of HPO4

−2 ions, a crystallization inhibitor, de-
creases in the solution, while concentration of CaPO4

−1 ions,
a crystallization accelerator, causes a calcium ion depletion.
This then leads to a reduction in induction time [40]. Figure 9
indicates the impact of different pH values the on concentra-
tions of nucleation and growth units of HA such as HPO4

−2

and CaPO4
−1. This is further confirmed by work done by

Gebauer et al. [41]. Here, the work examined the effect of
pH on the binding of calcium ions, a cation, on an electron
donor; in this study it was carbonate ion, an anion.
The researchers reported that increasing the pH toward alka-
line medium could induce calcium binding to carbonate ions.
They concluded that increasing pH can induce higher tenden-
cy of calcium binding leading to faster pre-nucleation forma-
tion. They also noted that the formation of these clusters takes
place in both under and supersaturation solutions.

5.2 The effect of additives

Another factor which affects ACP to HA transformation is addi-
tion of additives such as ion species of magnesium, fluoride, and
silicon [42–44]. Magnesium ions are present in organs such as

teeth and bones with the ratio of calcium to magnesium ion mole
ratios being from 0.004 to 0.04. To illustrate this, Boskey and
Posner revealed thatmagnesium ion forms stronger bondingwith
phosphate ions instead of calcium ions [42]. These strong bonds
could prevent ACP from dissolution.

Another phosphate mineral, fluorapatite, with empirical for-
mula ofCa5(PO4)3F, can be found in dentin and enamel. During
formation of fluorapatite, hydroxide present in lattice structure
of HA Ca5(PO4)3OH, get replaced by fluoride ion, making it
less soluble with solubility product value of 8.6 × 10–61 in
comparison to HA with a solubility product value of 2.35 ×
10–59 in acidic solutions [43]. Fluorapatite also looks different
from HA in terms of hardness and shape of crystal. These rod-
shaped crystals of fluorapatite are stiffer and harder than plate-
shaped crystals of HA. Another example is that ionic silicon also
facilitates formation of HA due to the fact that silicon accelerates
hydrolysis of ACP leading to formation of HA crystals [43, 44].

6 Collagen

6.1 Structure of collagen I

Collagen is known to be the main member of triple helical pro-
teins with hierarchical structure [44, 45]. This fibrous protein

Fig. 8 Transformation of ACP to HA through step growth and layer by
layer mechanisms a. (a) Schematic shows the pathways of mineralization
within PLLC fibrils with interlayer distance of 10 nm. (b) Length of
PLLC fibrils. (i) Partially crystallization on the surface of ACP and de-
formation of ACP along c-axis, (ii) initiating step growth process along c-
axis as a result of cluster migration, and (iii) non-uniform growth of HA
crystals. b. Partially crystallization of ACP nanoparticle via layer-by-

layer process. HRTEM images indicate ACP nanoparticle (a) before
and (b) after partially crystallization (after 2 min), respectively, as pre-
sented by arrows. Blue arrows also represent the thickness of ACP nano-
particle (1.5 nm). (c) HRTEM image shows progressive crystallization
and formation of second crystalline region on the surface of ACP after 4
min. FFT diffractograms confirm two formed crystalline regions. Scale
bars (a–c) are 10 nm. Reprinted with permission from [38]
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consists of three polypeptide chains with the length of ~ 300 nm,
each of which has a repeating Gly-X-Y sequence. Glycine, as a
small molecule, fits in the center of structure due to hydrogen
bonds and different polypeptide chains which helps to hold them
together [46]. Glycine actively keeps the collagen unyielding and
flexible. Moreover, X and Y are often proline and hydroxypro-
line which stabilize right-handed triple helical structure which
also increases the tensile strength of collagen [47–49].

Each polypeptide is made up of two regions named the N
and C terminal propeptides. These two regions are removed
upon the conversion of tropocollagen into fibrils [49, 50]. The
C and N terminal propeptides restrict lateral growth leading to
the formation of narrow fibrils. When the cleavage of both
propeptides happens, there is lateral growth which is required
for fibrils formation [51, 52]. Tropocollagens are cross-linked
via covalent bonds and each one possesses approximately
1000 amino acid residues with the length of roughly 300 nm
which five of them form a procollagen [44, 45]. During the
formation of procollagen, these five tropocollagens are assem-
bled via a quarter staggered arrangement in which repeated
expression of this arrangement in vicinal rows causes to

produce a D-periodic structure with a 67-nm repeat [52, 53].
D-period is specific characteristic of collagen which emerges
from the repeat of gap zones of 0.6 of period and overlap
regions 0.4 of period [47, 54]. Under electron microscopy,
as shown in Figure 10a, collagen fibrils exhibit this D-
periodic structure in the form of 12 dark lines of which a3,
a2, a1, e2, e1, d, and c3 bands are attributed to gap zone.
Bands c2, c1, b2, and b1 are assigned to the overlap region,
and a4 is known to be in the boundary of both gap zone and
overlap region [57–60]. Using TEM, such as in Fig. 10b, it is
possible to measure the length of each band. There are two
regions that are charged, the c-band and a-band which are near
to the N-terminus and the C-terminus of collagen molecule.
These regions provide appropriate sites for nucleation of cal-
cium phosphate clusters [2, 47, 60–62].

Xu et al. simulated a collagen structure to clarify the nucle-
ation process of calcium phosphate minerals within fibrils of
collagen [55, 62]. They investigate vital role of charged amino
acids residues during intrafibrillar mineralization. The model
showed that such these charged residues in the collagen mol-
ecules are oriented toward the hole zone of collagen and act as

Fig. 9 The impact of pH value on ionic species in the solution, induction time and conversion rate ACP to HA. Reprinted with permission from [24]
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template to accommodate ACP with particle sizes ranging
from 1.3 to 1.6 nanometers. Most of the calcium and phos-
phate ions are located in the hole zone of collagen where
interactions between amino acid residues take place [55, 63].
Here the e1 and e2 bands could be considered as sites to
initiate nucleation of calcium phosphate clusters, Fig. 10 c,
d, and e. Additionally, density of water in hole zone of colla-
gen fibrils is 30% is lower than its bulk density of water [55,
62]. The decrease in density could accelerate nucleation in
hole zone of collagen by reducing enthalpy cost of dissolution
of ions. Themolecular dynamics simulations done byXu et al.
show atomic structure of collagen I fibrils to facilitate under-
standing of mineralization in intrafibrillar of collagen. They
found that pseudohexagonal arrangement was maintained in
hole zone of collagen which was attributed to the a and e
bands and distorted the transition area between overlap region
and gap zone of the d and c3 bands. The hole zone forms a
preferred direction of charged amino acid residues to acceler-
ate diffusion of calcium phosphate species and act as initial

sites of nucleation. However, diffusion of minerals is slow in
distorted area due to tortuosity of pathway as compared to
ideal pathways in a and e bands. These transition regions
could also provide secondary sites of nucleation. Moreover,
Xu et al. suggested that 70% of the charged residues are lo-
cated at hole zone of collagen around e bands. All the bands
located at hole zone including a and e bands can provide
appropriate sites for diffusion of calcium phosphate clusters
within fibrils of collagen.With only fraction of charged amino
acids being available and the distribution of water density, the
e bands are most favorable for infiltration of calcium phos-
phate species, as shown in Fig. 10 f, g, and h [56].

Proteoglycans are proteins that have polyanionic domains
which accommodate phosphate and polycarboxylic acid func-
tions. Proteoglycans are able to control collagen biominerali-
zation in three ways. First, these proteins can inhibit lateral
growth and deformation of collagen fibrils through interfering
with their interactions. Second, by interaction with charged
amino acid residues, proteoglycans occupy gap zone of

Fig. 10 The key role of hole zone on collagen biomineralization. a D-
period is known to be a fingerprint of collagen which consists of two
areas, gap zone and overlap region with the lengths of 40 and 27 nm,
respectively. Gap zone consisted of different bands containing a3, a2, a1,
e2, e1, d and c3; overlap region possesses c2, c1, b2, and b1, and a4 is
located at the boundary between gap zone and overlap region. b TEM
image and table show bands appeared on of stained, non-mineralized
collagen and lengths of 12 bands in D-period of collagen measured using
Image J, respectively. Reprinted with permission from [47]. c–d
Snapshots of forming salt bridge nests in which collagen molecules,

positively, and negatively charged amino acids are shown as yellow rib-
bons, blue and red molecules. e Snapshots of forming Ca-P cluster in the
e2 band located at hole zone of collagen where interactions between
positively (blue color) and negatively (red color) charged residues occur
indicating preferable orientation of Ca-P toward hole zone of collagen
especially e1 and e2 bands; Ca, P, and O ions are shown as blue, grey, and
red spheres. f–h The fraction of charged amino acids residues in the hole
zone of collagen, distribution of water molecules and density for the
bands of e1, e2, and a1, respectively. Reprinted with permission from
[55, 56]
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collagen fibril by which it could hamper calcification. Finally,
proteoglycans could inhibit mineral formation in the external
space of collagen [51].

6.2 Collagen biomineralization

The term collagen biomineralization refers to the deposition of
minerals in intrafibrillar of collagen until formed crystals
reach required geometry for strengthening collagen [56, 64].
Pathological biomineralization can also occur outside colla-
gen fibrils; such formation outside the collagen fibrils is
known as extrafibrillar mineralization [65]. In order to under-
stand aberrant biomineralization, it is crucial to understand the
mechanisms by which collagen is mineralized and the related
pathways. Structurally, there is evidence of extrafibrillar and
hierarchical mineralization. The work of Reznikov et al. pro-
vided insight into the 3D structural organization and the hier-
archy of the bone mineralization by nanoscale structural char-
acterization [66]. The authors leveraged high-resolution trans-
mission electron microscopy and crystallographic data togeth-
er with tomographic imaging to construct a 3D model of bone
mineral and its organic matrix. The results showed the pres-
ence of three different mineral structural motifs: filamentous,
lacy, and rosette corresponding to in-plane or longitudinal,
out-of-plane, and hexagonal crystal structure. Furthermore,
the data revealed the following hierarchy of the apatite crys-
tals: needle- and plate-like nanocrystals that laterally arrange
into platelets, which in turn form stacks of platelets. These
structures, together with acicular crystals, form large polycrys-
talline structures that span across fibrils. The significance of
these findings includes identifying the cross-fibrillar nature of
mineralization, with helical pattern in the 3D bone structure.
Similarly, Schwarcz et al. used dark field TEM to identify
extrafibrillar mineral structures of elongated plates surround-
ing and parallel to collagen fibrils [67]. These structures were
found to contain individual apatite crystals, with ~ 1 nm spac-
ing between plates, and provide evidence for mineral forma-
tion outside of fibrils.

The mineralization can be either undesirable or desirable
for mineral formation in extrafibrillar and intrafibrillar spaces
of collagen fibrils, respectively [68]. In intrafibrillar mineral-
ization, the mineral components form within a hydrated ma-
trix of macromolecules which is very rich in biopolymers
associated with positively and negatively charged groups such
as polysaccharides [69]. These macromolecules play vital role
during mineralization in collage fibrils by stabilizing calcium
phosphate precursors which transform into amorphous phase
followed by HA crystal formation. They are also known as
nucleation inhibitors in extrafibrillar space of collagen.
Smeets et al. showed that such polysaccharides bind to calci-
um ions and concentrate them [70]. Not only polysaccharides
decrease calcium ions in the solution by creating high local

supersaturation, but they also avoid immediate formation of
vaterite due to lack of calcium and carbonate ions.

Collagen is associated with proteoglycan-rich protein and
non-collagenous protein in the extracellular matrix. These
proteins can act as a template to induce biomineralization
via directing oriented nucleation of HA crystals. It also pro-
vides a confined space for growth of HA crystals along c-axis
of collagen fibrils [71]. Nudelman et al. studied role of colla-
gen during mineral formation at the microscopic scale using
cryogenic TEM. They employed polyaspartic acid (PAsp) and
fetuin to biologically mimic non-collagenous proteins. PAsp
and fetuin are added in order to stabilize PNCs particle size
and chemical interactions. These stabilized clusters are loosely
packed and infiltrate the collagen fibrils. Nudelman et al. also
demonstrated that collagen actively provide specific sites, a-
bands, for loosely packed calcium phosphate clusters to infil-
trate through electrostatic forces between collagen fibrils. The
calcium phosphate clusters uniformly nucleate and grow
throughout gap zone and overlap region, particularly in d band
located at gap zone of collagen. Therefore, it could be con-
cluded that collagen is able to actively govern mineralization
in absence of any nucleation inhibitor. Calcium phosphate
clusters can move toward the a-bands to reach intrafibrillar
space of collagen and HA crystals form at the expense of
ACP clusters [73]. In another study, Wang el al. reported that
collagen affects HA crystals in terms of both structural fea-
tures at microscopic scale e and geometrical dimensions at
macroscopic scale [71]. In the former, collagen influences
the structure of phosphate ions in HA crystals and intrafibrillar
water.

There are two pathways by which mineralization could
possibly take place, intrafibrillar mineralization or
extrafibrillar mineralization. Kim et al. analyzed the pathways
through calcium phosphate clusters nucleate and grow within
collagen intrafibrillar using in situ small angle X-ray scatter-
ing [65]. They also examined the role of PAsp as nucleation
inhibitor in directing collagen biomineralization. They found
that in the absence of PAsp, biomineralization begins with the
formation of some spherical ACP in the extrafibrillar spaces of
collagen. These aggregates crystalize on the external surfaces
of collagen preventing diffusion of free calcium phosphate
clusters in intrafibrillar space of collagen, as shown in Fig.
11c. Extracellular mineralization starts with the bonding be-
tween free calcium ions in the solution and aggregated ACP
clusters [65, 75]. Extracellular mineralization is limited once
calcium is stabilized by PAsp and mineralization takes place
inside collagen fibrils, shown in Fig. 11c. It was suggested that
not only are the pathways are different but also the mecha-
nisms of mineral formation in intrafibrillar mineralization and
extrafibrillar mineralization are different [65]. In intrafibrillar
mineralization, PNCs directly transform into plate-shaped HA
crystals, approximately 1.5 nm in thickness and 40 nm in
diameter, without existence of any intermediate phase. Due
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to vital role of PAsp as nucleation inhibitor, the nucleation of
HA is slower in extrafibrillar mineralization [65]. In another
study, Kim et al. proposed that the differences in nucleation
pathways for intrafibrillar mineralization and extrafibrillar
mineralization could be explained by their total free energy
[68]. They applied in situ X-ray scattering and compared the
energy barrier of nucleation between intrafibrillar mineraliza-
tion and extrafibrillar mineralization. They suggested that
PAsp avoids extrafibrillar mineralization through increasing
surface energy between ACP and the mineralization solution.
The small spacing of collagen provides appropriate sites for
nucleation by minimizing interfacial energy value, α, leading

to formation HA crystals with two-dimensional morphology
and structure, the intrafibrillar mineralization pathway.
However, α for intrafibrillar mineralization is 19 ± 1 mJ/
m2 is higher than that of extrafibrillar mineralization 5 ±
1 mJ/m2 with respect to ACP. Although α and ΔGn for nucle-
ation of ACP are higher for intrafibrillar mineralization than
extrafibrillar mineralization upon the extensive range of su-
persaturation value, σACP ranging between 0.1 and 1.13, as
σACP decreases to below 0.05, ΔGn for intrafibrillar mineral-
ization becomes lower than that of extrafibrillar mineraliza-
tion, as shown in Eq. 12. If σ is less than 0.05, the intrafibrillar
mineralization pathway is more favorable for nucleation of

Fig. 11 a Mechanisms and pathways of collagen mineralization in (a)
presence of PAsp and (b) in the absence of PAsp as nucleation inhibitor.
Reprinted with permission from [65]. b Changes of energy barrier ΔGn at
various supersaturation values (σ). (a) Changes in ΔGn for three different
proposed nucleation models including IM in the presence of PAsp, EM in
the presence and absence of PAsp. (b, c) The differences in value of ΔGn

at σ_ACP = 0.05 and 1 as shown in yellow box. Reprinted with permis-
sion from [68]. c TEM images and SAED patterns of (a) mineral forma-
tion in the absence of PAsp, (b) mineralized collagen after 2 h of incuba-
tion, ACP clusters are directed to infiltrate into collagen fibrils, and (c)
mineralized collagen after 16 h of incubation, HA crystals form in the
length of collagen. Reprinted with permission from [74]
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ACP, as shown in Fig. 11 [68].

ΔGn;IM

ΔGn;EM
¼ 3hKBTα2

IM

16πvmTα3
EM

σ ¼ 18:8σ ð12Þ

Here ΔGn, IM and ΔGn, EM stand for nucleation energy
barrier for intrafibrillar mineralization and extrafibrillar min-
eralization, respectively. α2

IM and α2
EM represents interfacial

energy for intrafibrillar mineralization and extrafibrillar min-
eralization, respectively. Finally, h is the height of the nuclei.

Using TEM and electron diffraction, Deshpande et al. in-
vestigated the impact of PAsp and collagen on bio-inspired
mineralization [74]. They observed formation of ribbon-like
HA crystals along c-axis of collagen fibrils which resemble
HA formed in bone and dentin. Unlike previous studies, they
suggested that collagen is not individually able to direct IM
and the interactions between PAsp and collagen fibrils are
strongly involved during mineralization, as shown in Fig. 11.

7 Phosphate deposited within collagen fibrils

Since collagen is a complex structure, with its multiple regions
and long length, the study of phosphate deposition is not lim-
ited to just in vivo studies. Rather, in vitro studies are also
included to augment our knowledge of the deposition process.
Since the perspective of this review is from a materials engi-
neering viewpoint of a process within a biological system, the
in vitro studies outlined here are meant to augment the view of
the mechanism rather than provide an in-depth perspective of
the cellular behavior.

There are several hypotheses by which calcium phosphate
minerals are deposited inside collagen fibrils including
polymer-induced liquid-precursor, cell-controlled mecha-
nism, dissolution-precipitation, and electrostatic forces
[76–79]. Olszta et al. hypothesized that intrafibrillar mineral-
ization may happen through polymer-induced liquid-precur-
sor . Based on this hypothesis, PAsp chains sequesters calci-
um ions, while inhibiting extrafibrillar mineralization, to in-
duce liquid-liquid phase separation in the buffered solution
leading to form droplets of hydrated ACP. These hydrated
ACP clusters are drawn into hole zone of collagen fibrils
through capillary action. The collagen fibrils are swollen with
droplets and replace the intrafibrillar water. Then ACP clus-
ters crystalize into HA nanocrystals along c-axis of collagen
fibrils as seen in Fig. 12b–c.

Biomineralization could also proceed by a couple of cell-
controlled cooperative mechanisms [76]. There are three pro-
posed mechanisms for cell-controlled biomineralization. First,
matrix vesicles budded from the plasma membrane concen-
trate calcium and phosphate ions in extracellular space prior to
mineralization within collagen. Second, non-collagenous

proteins coupled with intrafibrillar of collagen mediate miner-
al nucleation within collagen fibrils. Third, ACP and ionic
calcium-containing mitochondria are responsible for transport
of ACP and calcium ions toward intracellular vesicles.
Finally, vesicles accumulate them in the ECM prior to
crystallization.

Boonrungsiman at al. proposed a model for dissolution-
precipitation [76]. First, vesicles accumulate calcium and
phosphate ions in extracellular spaces. Second, they mediate
precipitation of calcium phosphate or ACP clusters extracel-
lularly. Finally, they disperse the clusters on the ECM. The
mitochondria accommodate clusters as granules in intracellu-
lar spaces. The clusters are then transported from mitochon-
dria toward intracellular vesicles via diffusion. Figure 12e
shows how a calcium phosphate containing vesicle inside os-
teoblast cells embedded within ECM promotes the formation
of ACP inside vesicles. They accumulate ACP particles in
extracellular spaces on the surface of collagen and eventually
mediate ACP to HA transformation in extrafibrillar of colla-
gen along the 002, 112, 211, and 300 planes. The transporta-
tion process of intravascular ACP from the intracellular to
extracellular spaces was verified by Mahamid et al.’s study
[78]. The study was done on the formation of mouse calvaria
and long bones. They showed that bone cells accumulate
membrane-bound mineral granules within intracellular vesi-
cles. These granules are made of disordered calcium phos-
phate as main precursor of more stable phase. The intracellular
mineral consists of significantly less calcium to phosphate
ratio which first formed phosphate entities isolate the calcium
ions within intracellular vesicles. These polyphosphates can
form strong covalent bonds with calcium ions leading to high
local supersaturation of both calcium and phosphate ions.
Bone cells such as pre-osteoblasts, osteoblasts, and osteocytes
are able to actively generate disordered mineral granules with-
in intracellular vesicles. Afterward, osteoblast cells induce
mineralization by creating reservoirs to transport minerals,
80 nm granules, into the extracellular space. In vivo bone cells
also accumulate ACP phase within intracellular vesicles that
have a low calcium to phosphate ratio. These cells are able to
induce precipitation of initial mineral phase in extrafibrillar
space of collagen during mineralization process.

Recently, Mahamid et al. investigated biomineralization
inside zebrafish fin rays [82]. They found that ACP is the
major component in the formation of fin bones. Under
in vitro conditions of neutral pH and ACP supersaturation,
ACP converts to octacalcium phosphate (OCP). OCP then
transforms into a more thermodynamically stable compound,
HA. The HA nanocrystals grow in the hole zone of collagen
along is c-axis. Similarly, Wang et al. observed small amount
of ACP nanoparticles in mature baboon bone [83]. They also
showed that there are two pathways by which ACP phase
could play a role in collagen biomineralization. First, ACP
nanoparticles might be directly deposited inside collagen
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fibrils and transform to crystalline phase. Second, ACP nano-
particles form in the extrafibrillar space of collagen by pene-
trating the gap zone of collagen and transforming into HA
phase.

Kerschnitzki et al. studied biomineralization pathway of
long bones of the chicken embryo [84]. They observed that
osteoblasts precipitate new bone at the periosteal membrane
and osteoclasts resorb into the newly formed bone at the end-
osteal membrane. The bone resorption takes place by acidify-
ing the initially formed bone area and degradation of the col-
lagenous matrix of bone. The vascular system includes blood
vessels, osteoclasts, and osteoblasts and is a key system when

the bone is degraded. The system is responsible for facilitating
the transportation of the components required for mineral for-
mation to the new bone precipitation site. The amounts of ions
that can be transported are restricted by the low solubility of
bone mineral at neutral pH. Osteoclasts are reservoirs of re-
sorbed minerals, mostly in mitochondrial units and intracellu-
lar vesicles. The transportation of the minerals occurs to the
extrafibrillar of collagen where they are not bounded to mem-
brane. Moreover, because bone mineral is stored in the form
of membrane-bound particles, the danger caused by calcifica-
tion of ectopic vascular is minimized. A similar observation
was noted in the tail fin tissue of larval zebrafish [82–85].

Fig. 12 a Non-mineralized collagen and b mineralized collagen in the
presence of polyaspartate after 4 days of induction. Reprinted with
permission from [79]. c Bright-field TEM images of bone cell-
controlled biomineralization, (a) osteoblast (OB) cell located within ex-
tracellular matrix (ECM). (b) Calcium phosphate containing vesicle
(arrow) located at osteoblast cells are embedded within mineralized nod-
ules (scale bar, 0.5 μm). (c) The presence of vesicles consisting of calci-
um and phosphate ions intracellularly (scale bar, 0.2 μm). (d) Calcium

phosphate containing vesicles in extracellular spaces neighboring an os-
teoblast cell (scale bar, 0.2μm). (e) Aggregations of calcium phosphate in
a mineralized nodule-like area (scale bar, 0.5 μm). (f) Accumulation of
calcium phosphate aggregations in extrafibrillar of collagen (scale bar, 0.2
μm). (g) Emanating mineral (arrow) in extrafibrillar space of collagen
(scale bar, 0.2 μm). (h) Biomineralization on the surface of collagen
fibrils (scale bar, 0.2 μm). Reprinted with permission from [76]
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On the other hand, Nudelman et al. proposed that calcium
and phosphate ions could infiltrate into collagen fibrils
through dissolution-precipitation mechanism [3]. ACP clus-
ters dissolve in the solution and ions diffuse into intrafibrillar
of collagen. Subsequently, they nucleate in the hole zone of
collagen and grow along collagen fibril. Nudelman et al. sug-
gested that ACP could enter the collagen fibrils via electro-
static interactions between positively charged sites present in
the hole zone of collagen and negatively charged PAsp-
calcium phosphate complexes. Polyallylamine hydrochloride
(PAH), as a polycation, could also inhibit aggregation of cal-
cium phosphate ions in the solution [80]. Niu et al. developed
PAH-controlled intrafibrillar mineralization study that exam-
ined the previous model based on which short-ranged electro-
static interaction is likely involved in polyelectrolyte-directed
intrafibrillar mineralization [80]. The data suggested that re-
gardless of what type of charge polyelectrolyte has in the
solution, ions and water move out from intrafibrillar spaces
of collagen leading to shrinkage of collagen fibrils. Moreover,
shrinkage of fibrils caused a concentration gradient of ions
and PNCs toward intrafibrillar space of collagen. In the
polycation system, PAH molecules bind to carboxyl group
of collagen fibril inducing positive charge on the collagen
surfaces. The system caused the number of available carboxyl
group to decrease while increasing the number of amine ones.
Consequently, coulomb forces short range interaction was
limited between PAH-ACP complexes and bands of collagen.
Thus, long distance interactions were proposed as a possibility
to promote intrafibrillar mineralization in an electrolyte sys-
tem. Also, collagen membrane is selectively permeable. With
PAH having a molecular weight of 15 kDa and PAsp having a
molecular weight of 27 kDa, only long-distance interaction
might be involved upon intrafibrillar mineralization.

While significant work has been done to understand path-
ways of collagen biomineralization, the contribution of
collagen-cross linked nucleation inhibitor has not been as well
investigated [81]. Surface modifications of collagen raise the
number of carboxylate groups leading to accelerate collagen
biomineralization [86]. Song et al. applied negatively charged
polyacrylic acid with high molecular weight in a solution con-
taining reconstituted collagen in order to develop collagen-
bound ligands [81]. Cryogenic electron microscopy and mo-
lecular dynamics simulation demonstrated that collagen-
ligand interactions promote and accumulate aggregation of
PNCs. The PNCs form a chain-like structure in intrafibrillar
space of collagen leading to intrafibrillar mineralization along
the c-axis of collagen fibrils. Cryogenic electron microscopy
images indicate that the concentration of ACP and PNCs ag-
gregates along the surface of collagen in both bare collagen
and PAA-bound collagen as seen in Fig. 12 h, i, and j. The
presence of ligands on the surface of collagen leads to miner-
alized collagen with better of mechanical properties versus
mineralized collagen in an aqueous environment [81]. Wang

et al. developed collagen-bound peptides to investigate how
these immobilized peptides could promote mineralization in
collagen fibrils [86]. They found that the peptides that at-
tached to the fibrils of the collagen can induce a more ordered
structure to mediate mineralization along c-axis of fibrils and
accelerate conversion of minerals into HA crystals.

The size of ACP is important upon mineralization with
smaller size of loosely aggregations of ACP supporting faster
infiltration and HA crystals formation [87]. In addition, the
size of polyanion and polycation molecules could affect min-
eral infiltration and HA formation inside collagen fibrils. Niu
et al. demonstrated that molecules such as fetuin which are
known to be larger than 40 kDa are not able to enter the
collage fibrils [80]. These large molecules indirectly control
mineralization of collagen, while smaller molecules (< 6 kDa)
such as spermine and citric acid could freely penetrate colla-
gen fibrils. The presence of the small biomolecules directly
controls mineralization via binding to hole zone of collagen.
These phenomena could be due to collagen having a size-
exclusion feature. Both PAsp and PAH are partially excluded
from intrafibrillar of collagen and can promote intrafibrillar
mineralization. PAsp with high molecular weight leads to in-
duce higher inhibitory effect and formation of smaller ACP
nanoclusters [3].

8 Conclusion

Reviewing in vitro models provides new insights in better
understanding of pathways and thermodynamics of mineral
formation in bone and dentin. Though they do not prove
how mineral infiltrate into fibrils of collagen, there are at least
a few hypotheses that justify further research. Generally, the
collagen biomineralization is initiated by the penetration of
pre-nucleation clusters into the fibrils of collagen. It can be
influenced by numerous parameters such as particle size of
pre-nucleation clusters, their stability, and interactions with
collagen fibrils. Non-collagenous protein, as nucleation inhib-
itor in extrafibrillar of collagen, stabilizes pre-nucleation clus-
ters in the buffer solution by forming complexes consisting of
both pre-nucleation clusters and non-collagenous proteins.
Afterward, these formed complexes are directed toward hole
zone of collagen fibrils. Collagen can then provide appropriate
sites for mineralization inside intrafibrillar in a preferred ori-
entation. Numerous positively charged C-terminal ends of the
collagen molecules, in gap zone and the overlap region, attract
negatively charged PNCs-NCPs complexes via electrostatic
forces. Pre-nucleation clusters thermodynamically seek nucle-
ation sites to reduce energy barrier such as those located at the
hole zone of collagen. Consequently, they transform to hy-
droxyapatite crystals as more stable phase without the exis-
tence of any intermediate phase.
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