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Calcium orthophosphates (Ca-Ps) have long been the focus of extensive research due to their significance
as inorganic phases of biomineral bones and teeth and the primary constituent of the majority of patholog-
ical calcified tissues. The utilization of atomic force microscopy (AFM) as an in situ imaging technique is to
probe nanoscale and even near-molecular processes during Ca-P crystallization and unravel the underlying
modulation mechanisms of biological molecules. According to the solubility defined as the equilibrium sol-
ute concentration for Ca-P growth, we first review classical crystallization mechanisms of brushite (DCPD)
and the role of step-specific interactions, providing a context for interpreting the changes of step move-
ment velocities and visualizing the modification of the growth hillock (spiral growth) morphology and the
step features on a DCPD crystal surface in the presence of growth modulators using AFM. A nonclassical
crystallization pathway for octacalcium phosphate (OCP) and hydroxyapatite (HAP) is then reviewed so that
the effects of biomolecules, such as amelogenin proteins on tooth enamel formation, are set in a broader
Received 5th December 2017, biomineralization context. Finally, we show how recent advances using AFM-based single molecule force
Accepted 21st March 2018 spectroscopy (SMFS) have provided the energetic basis for probing the interactions between osteopontin
(OPN) peptides and HAP to define a thermodynamic understanding of OPN roles in the growth of HAP at
biomimetic cell membrane surfaces. These in situ AFM observations improve the fundamental understand-
rsc.li/crystengcomm ing of the interfacial growth of Ca-P biominerals and their biomimetic substitute materials.

DOI: 10.1039/c7ce02100c

1. Introduction

were observed in situ by atomic force microscopy (AFM) during a

Over 60 different biominerals found in various organisms have coupled process of calcium carbonate dissolution-calcium phos-
been extensively investigated, and as main mineralized tissues ~ Phate reprecipitation.® Also, constant composition (CC) nucle-
in bones and teeth," the study of calcium orthophosphates (Ca-
Ps) has attracted wide attention. Various Ca-P precursors are rec-
ognized and interact with biological molecules, and eventually
crystallize into thermodynamically stable hydroxyapatite
(Ca1(PO4)s(OH),, HAP, P63/m or P2,/b space group).” In these
processes, complex intermediate phases, such as amorphous cal-
cium phosphate (Ca,H,(PO,),nH,0, n = 3-4.5; 15-20% H,0,
ACP), brushite (CaHPO,-2H,0, DCPD, Ia space group), and
octacalcium phosphate (Cag(HPO,),(PO,),-5H,0, OCP, P1 space
group), may participate in the crystallization process.” Posner
and Betts™” reported that hydrated Cas(PO,)s clusters (Posner's
clusters) could be randomly agglomerated into spherical ACP
particles, and Posner's clusters with a height of about 1.02 nm
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Fig. 1 AFM images of the surface features of several representative calcium orthophosphates showing (A) ACP nanoparticles on the HAP surface
(shown by circles),*? (B) a triangular growth hillock on the DCPD (010) face, (C) the coexistence of an asymmetric rectangular growth hillock and
nanoparticles on the OCP surface,?® and (D) a hexagonal growth hillock on the HAP (100) surface. Adapted with permission from ref. 12 and 28.
Copyright 2016 American Chemical Society and 2015 Scientific Research Publishing.

ation revealed that the calcium-deficient amorphous phase-I
(Ca(HPO,);.4'nH,0, ACP-I) formed first, followed by dehydration
and aggregation to form amorphous phase-1I (Ca(HPO,)-mH,0,
ACP-II).” In addition, Ca(n*P0O,*"),-L, (L = H,0, n>PO,*", where
n® stands for the bidentate binding of the phosphate group)®
and polymeric assemblies of CaHPO,/CaH,PO," (<14%) and
Ca(HPO,);*/Ca(HPO,),(H,PO,)*" (=86%)° might also exist in
the initial supersaturated solutions. The ion-association com-
plexes of [Ca(HPO,);]*” may aggregate and take up addi-
tional calcium ions from solution to form post-nucleation
clusters of [Ca,(HPO,);]>” that subsequently precipitate as
ACP.° Ab initio molecular dynamic simulations'® elucidated
that calcium was seven-coordinated by two water molecules,
two bidentate phosphates and one monodentate phosphate
to form [Ca(n*HPO,>’)(n'-HPO,*)]*-(H,0), (n' stands for
the monodentate binding of the phosphate group), and the
calcium triphosphate prenucleation complexes were more
thermodynamically stable than the isolated ions, dramatically
reducing the nucleation barrier.'® With the advent of high-
resolution cryogenic transmission electron microscopy (HR-
cryoTEM), Dey et al'' observed that nanoclusters with a
height of 0.87 nm aggregated to form spherical ACP that
eventually transformed into a stable crystalline phase. In situ
AFM also observed that ACP formed during the initial sur-
face growth of HAP under near physiological solution condi-
tions (Fig. 1A)."*

The ACP phase in physiological solution gradually trans-
forms into a crystalline HAP phase. During the phase transfor-
mation, the dissolution and growth of different crystal surfaces
are modulated by a variety of organic and inorganic molecules.
As an in situ observation technique in solutions, AFM can cap-
ture the realtime dissolution and growth kinetics from the
near-molecular scale to nanoscale."””* Using AFM, the interac-
tion between biomolecules and minerals can also be determined
by tip-modified single molecule force spectroscopy (SMFS).">™"”
In this review, we summarize recent progress related to the
surface growth dynamics of several Ca-P phases and their
modulation by relevant biomolecules, providing fundamental
clues to reveal the molecular mechanisms of Ca-P biominerali-
zation and possible implications in the synthesis of biomi-
metic materials.

This journal is © The Royal Society of Chemistry 2018

2. Relevant Ca-P phases used for AFM
imaging
2.1. DCPD

DCPD has been proposed as an intermediate phase in in vitro
formation of OCP and HAP and can be easily crystallized un-
der neutral and acidic conditions, and it is often found in
pathological calcification.”® Since the DCPD {010} face is
highly hydrated and has a relatively low interfacial energy,"
{010} thus dominates the DCPD habit as thin plate-like crys-
tals. Real-time in situ AFM imaging reveals the triangular spi-
ral growth by measuring the spreading rates of three step di-
rections of [101]¢, [101]c. and [100]c. (Fig. 1B), in which the
[100]c. steps have the slowest velocity.'"> The three steps are
also easily observed in etch pits during the dissolution.>*™*

2.2. OCP

OCP exhibits a significant biological role in the chemistry of
bones and tooth enamel as it is the precursor phase of HAP.>*°
The synthesized OCP crystallites typically show an elongated
thin plate with a well-developed (100) face.”>” AFM observations
show that growth hillocks (spiral growth) on the OCP (100) face
exhibit an asymmetric rectangular shape with a monomolecular
step height of about 2.0-2.5 nm (Fig. 1C),*® close to 1.86 nm
expected from the unit cell parameters and OCP symmetry.*®
This is consistent with Wu et al.'s measurements®® of the mono-
molecular steps with an average height of 1.99 + 0.06 nm. It is
generally assumed that the crystal structure of OCP is an alter-
nate stacking of apatitic and hydrated layers parallel to the (100)
face.”®**! The hydrated layer contains lattice water and less
densely packed calcium and phosphate ions, and the apatitic
layer in OCP is similar to the apatitic structure in HAP,
exhibiting a hexagonal system crystal structure.**** This simi-
larity between OCP and HAP provides geometrically favorable
conditions for the transformation of OCP to HAP by epitaxial
growth, where the [001] and [010] axes for OCP are along the
same directions as the [0001] and [2110] axes for HAP, respec-
tively.*® During the transformation, water molecules can enter
the hydration layers of OCP crystals via a hydrolysis reaction
that accounts for the deprotonation of HPO,>™ ions.** In this

CrystEngComm, 2018, 20, 2886-2896 | 2887


https://doi.org/10.1039/c7ce02100c

Published on 21 March 2018. Downloaded by Y unnan University on 8/24/2025 4:38:32 AM.

Highlight

View Article Online

CrysttngComm

Fig. 2 AFM images showing classical crystallization pathways of DCPD. (A and B) Classical spiral growth occurs only when the step length (L)
reaches its critical length (L.) at relatively low supersaturations.”® (C) 2D nucleation at relatively high supersaturation generates new steps resulting
in rapid crystallization. Adapted with permission from ref. 73. Copyright 2015 American Chemical Society.

process, inorganic ions, such as CO;*", F, Na* and K*, can in-
corporate into the HAP lattice and thus have a considerable in-

fluence on the HAP physical and physicochemical
properties.>>3%33
2.3. HAP

As the most thermodynamically stable phase of Ca-Ps, HAP ex-
hibits a crystal structure of either monoclinic or hexagonal crys-
tal phases,”**” and an in vitro transition from the monoclinic to
a hexagonal phase occurs at higher temperatures.>® However,
hexagonal HAP crystals are generally found in biological apa-
tites.>® Taking into account that biomineralization usually oc-
curs at physiological temperatures, this is probably due to the
existence of hexagonal seed crystals, habit modifiers or water-
insoluble bio-template molecules. Molecular dynamics simula-
tions show that the surface energies of the side and basal sur-
faces of HAP in water are 0.42 and 0.66 ] m >, respectively.’’ The
growth of HAP is limited by the basal surface, leading to a prism
morphology with six prismatic {100} surfaces and a basal (001)
surface. For the hexagonal form, calcium ions are arranged sym-
metrically along the [010] direction and two parallel layers of
phosphate ions are located at heights of 1/4 and 3/4 of the unit
cell.* In addition, hydroxide ions are arranged along the c-axis,
pointing to the opposite direction to the same column of adja-
cent hydroxyl,"® resulting in the enhanced stability of the HAP
crystal structure. Expectedly, the AFM images show that the
growth hillocks on the (100) face exhibit a typical hexagonal
morphology (Fig. 1D),"” bound by six well-defined steps with an
average height of 8.21 A that matches the theoretical d-spacing
height of 8.17 A for the (100) face."> However, the steps of the
relatively smooth HAP (001) surface are not easy to observe,
mainly because the surface is covered with nanoparticles.'>*!

3. Dynamics and mechanisms of the
surface growth of Ca-Ps in pure
solutions

3.1. Classical pathway of monomer addition

Classical crystal growth is based on monomer-by-monomer
addition of simple chemical species of ions or molecules de-
scribed using a terrace-ledge-kink (TLK) model.*>*

2888 | CrysttngComm, 2018, 20, 2886-2896

According to whether the crystal surface contains disloca-
tions, defects and other active sites, the crystal grows by two
modes of spiral growth and two-dimensional island
growth.”>"® When the crystal surface pre-exists with active
sites and is exposed to relatively low supersaturated solu-
tions, the attachment of monomers at active sites leads to ad-
vancement of steps, and the inherent screw dislocations in
crystal lattices are responsible for the nonterminating steps,
exhibiting the spiral growth pathway. It has been established
that both DCPD**** and HAP'? can grow in a spiral form.
Due to the relatively high solubility of DCPD (-log(Kyp) = 6.59,
25 °C),® the synthesized DCPD ecrystallites at room tempera-
ture can be up to millimeter sizes and are large enough for
spiral growth to be observed in situ by AFM. According to
classical surface growth mechanisms, the calcium and phos-
phate ions attach to the crystal surface, incorporate into the
lattice and become a part of the crystal, involving various en-
ergy barriers including volume diffusion, dehydration, sur-
face diffusion, incorporation of growth units into the crystal
structure, and removal of the latent heat of
crystallization.**® It has been suggested that dehydration is
the main limiting process for the advancement of the DCPD
steps,*”*> whereas the incorporation of ions or molecules
into the crystal structure determines the velocities of the sur-
face steps of HAP."

As driving forces (the activity difference of solute species)
are lower than the critical value of surface nucleation, the
step advancement rate R for the (010) face of DCPD is given
by

R =R, - Rq = oh/W = Qf(c - c)h/W 1)

where R, and Ry are the attachment and detachment rates
for solute species, respectively; v is the step speed; & is the
monomolecular step height of DCPD (0.76 nm);** W is the
terrace width; € is the volume per growth unit (6.16 x 107>
cm?®) in the DCPD crystal;*® 4 is the step kinetic coefficient; ¢
and c. are the bulk and equilibrium concentrations of the
growth units, respectively. The magnitude of f is controlled
by two primary factors, including the density of kink sites
along the step and the net probability of attachment of solute
species to a growth site.’® Thus, f is the key parameter to

This journal is © The Royal Society of Chemistry 2018
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understand the activation energy AG for the attachment of
solute species to the step edge,

B = bvexp(-AG/kT) (2)

where b is the lattice spacing and v is the frequency of vibra-
tion of atoms on the surface. According to eqn (2), we can cal-
culate AG by measuring the value of £ at a series of tempera-
tures and predict that the additives in supersaturated
solutions essentially affect the step propagation, terrace width
and shape of spirals by changing the activation barrier. More-
over, the degree of supersaturation, pH, and ionic strength will
also exert different influences on the activation barrier.*>*

Specifically, new steps of the triangular DCPD growth hill-
ocks will be generated constantly only if the [100]c. step ex-
ceeds its critical length L. (Fig. 2A and B). L. arises from the
competition between the chemical potential and the step-
edge energy.*®" Transferring growth units from the solution
phase to the solid phase reduces the energy of the system,
while additional new step-edges will increase the energy of
the system. Thus, the total change in the free energy of the
system is expressed as

AG
E = —mA,u + hbzyslcp (3)

2

where m is the number of growth units added to the step, Au
is the change in chemical potential per growth unit, b, is the
length of the newly formed step-edge and yg.p is the step-
edge free energy in units of energy per area as ysep = Yedge!
h.'° Taking into account that the step length is relevant to
the number of growth units and the dimension of a growth
unit parallel to the step b, L = mb,, we can solve eqn (3) for

I = bby Y e =% (4)
¢ Au Au

when AG/Ax, approaches zero, where the chemical potential

Au = KTIn S and § is the supersaturation ratio."’

Another key factor for the terrace width also determines
the rate of crystal growth, as shown in eqn (1).>> For a spiral
with N sides, the time required for the (i + 1)th step to reach
its own critical length is L, sin(a;1)/v," thus, the terrace

width can be expressed by**>*

TRT) ye D 5)

where a; ;,, is the angle between the ith and the (7 + 1)th step.
The solute species can either directly attach from the solution
to kink sites or first adsorb on terraces, followed by surface
diffusion and incorporation into the kink sites.*® The terrace
forms a two dimensional (2D) space for the surface diffusion
of adsorbed solute species.*®*** It has been established that
closely spaced steps move significantly slower than well-

This journal is © The Royal Society of Chemistry 2018
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separated steps,”® because the step velocity considerably de-
pends on the characteristic length of surface diffusion, A.
when W > 2/, the step speed is independent of the terrace
width; when W < 21, the step speed is positively correlated
with the terrace width that*®

hAA A h

=T oD (6
v AQeD QcDW

where 4 and /g are the resistance for adsorption from the
bulk solution to the crystal surface and incorporation into
kink sites from the surface, respectively. When W < 21, with
the increase of W, the crystal growth rate decreases although
the step speed increases; when W > 24, with the increase of
W, the step speed is always at the maximum, and the crystal
growth rate shows a downward trend.*® For DCPD, the step
spacing is always larger than 2/ in growth from most super-
saturated solutions, thus the additives can modulate the
DCPD growth by altering the terrace width. The above
discussed spiral growth mode is based on stacking faults at
inherent dislocations; without a nonterminating step source,
any pre-existing steps will eventually grow out to the edge of
the crystal leaving a featureless terrace.**

Another pathway to generate new steps and kinks is where
growth units adsorb onto the crystal surface and subsequently

+
D ::g = raw data . é
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§_10
9
>és
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Fig. 3 AFM imaging of classical spiral growth of HAP and quantitative
determination of step growth rates.’? (A and B) AFM deflection images
of the propagation of a hexagonal growth hillock on the HAP (100)
surface at opyap = 18. The white dotted line and arrows show the
monomolecular step height of 8.21 A and initially formed particles in
(A), respectively. (C) Schematic of the corresponding spiral step with
six unique orientations. (D) Measured step speed along the [001]_ step
direction as a function of different supersaturations. Adapted with
permission from ref. 12. Copyright 2016 American Chemical Society.
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diffuse and aggregate into 2D nuclei. The formation of a nu-
cleus must overcome a certain thermodynamic energy barrier,
i.e., only when the nucleus reaches its critical size, it will spon-
taneously grow. Based on the classic Gibbs-Thomson (G-T) ef-
fect, the critical radius is given by r. = 2Qys; /A, where yg, is
the solid-liquid interfacial energy.** At relatively low supersatu-
ration, the probability of forming the critical nucleus is low be-
cause of the large nucleation free energy barrier; the crystal
grows by monomer addition to kink sites and step edges
(Fig. 2A and B). With an increase in supersaturation, the num-
ber of nucleated particles increases with the reduction of the
radius of the critical nucleus and the free energy barrier,>”>°
and consequently the growth pathway for DCPD changes from
monomer addition to 2D nucleation (Fig. 2C). It has been esti-
mated that the kink energy for DCPD is 2.5 kgT from interfacial
energy measurements.”” When the supersaturation increases
until the free energy barrier is comparable with kg7, the solu-
tion will undergo spinodal decomposition,®® at which point the
nucleated particles significantly increase in number with subse-
quent collision and coalescence into larger particles. The suc-
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cessive stacking of 2D nuclei remarkably increases the growth
rate of DCPD, therefore showing a non-linear relationship be-
tween the crystal growth rate and the supersaturation, R = k"
(n>1)>

3.2. Nonclassical pathway of nanoparticle attachment

Crystal solubility determines the adsorption rate of particles
onto a surface as well as the relative contributions of the
pathway of monomer addition and nanoparticle attach-
ment.**** As the solubility of HAP (-log(K;,,) = 116.8, 25 °C) is
very low compared to that of DCPD, the rates of monomer-
by-monomer addition are thus very low (Fig. 3)."> The calcu-
lated step kinetic coefficient § for the [001]- step is 1.50 x
10~ cm s™* (Fig. 3D),"* which is almost two orders of magni-
tude smaller than those of DCPD steps.’® As a consequence,
the relatively low value of f includes a large activation energy
for addition of a solute molecule into a HAP crystal struc-
ture.> Previous results have confirmed that once the crystal
solubility drops from molar levels to submicromolar levels,

3-4nm
Triangularsolid

3-4nm
Hexagonalsoli

—

HAP crystal

to spiral growth

Fig. 4 Nonclassical crystallization of HAP by particle attachment.!? (A-F) A sequence of AFM height images taken in the ScanAsyst mode with long
imaging times of about 30 h showing the growth of HAP crystals by nanoparticle attachment and morphology evolution from nanoclusters/
nanoparticles to triangular and hexagonal solid on the HAP (100) surface. (G) A schematic illustration of the pathways for HAP crystallization by
attachment of different size particles from monomeric species to hexagonal solids. Adapted with permission from ref. 12. Copyright 2016

American Chemical Society.

2890 | CrystEngComm, 2018, 20, 2886-2896

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7ce02100c

Published on 21 March 2018. Downloaded by Y unnan University on 8/24/2025 4:38:32 AM.

CrysttngComm

the rates of monomer addition drop by a factor of ~10"" at
equivalent values of supersaturation.**® In fact, a supersatu-
rated HAP solution already contains a distribution of mono-
mers, complexes and clusters,”'>*! thus a particle-mediated
growth pathway is energetically favorable and dominates HAP
crystallization. Crystallization by nanoparticle attachment
greatly improves the growth rate of insoluble Ca-Ps such as
OCP?*® and HAP."* Through the Brownian motion in supersat-
urated HAP solution, pre-nucleation Ca-P clusters aggregate
even below the critical nucleation conditions.® Crystallization
of a stable HAP phase eventually occurs through either the
aggregation of post-nucleation clusters or multistep phase
evolution of complex metastable nanoparticles.®® By long-
term AFM imaging (about 30 h) of HAP (100) surface growth
under constant supersaturated conditions (Fig. 4),"> we ob-
served that the small amorphous nanoparticles (1.0 nm or
3.0-4.0 nm in height) can form larger ordered hexagonal par-
ticles (3.0-4.0 nm in height) that transform into an interme-
diate phase through dissolution-recrystallization,"""> al-
though crystallization by nanoparticle attachment is difficult
to be distinguished solely by the external morphology be-
cause molecular or cluster addition, coarsening, and recrys-
tallization can subsequently obliterate characteristic
signatures.®”®® Finally, a classical growth pathway of
monomer-by-monomer addition and a nonclassical particle
attachment pathway can co-exist during HAP surface crystalli-
zation (Fig. 4G)."”

4. The role of additives

Crystal growth is controlled by both thermodynamic and ki-
netic factors, and the crystal surface with minimum free en-
ergy is preferentially expressed with the slowest growth rate
and largest surface area.** Furthermore, the number of screw
dislocations and the dimension of the step source distribu-
tion on a crystal surface have a considerable influence on the
rate of crystal growth.®* To some extent, the introduction of
additives can change the crystal surface energy, altering the
crystal morphology and even providing new dislocation
sources to modulate the dynamics of the surface spiral
growth and/or particle attachment. The additives can bind to
step edges and/or terraces to affect the advancement of steps
and/or step density,"* or surface nucleation kinetics. The
mechanisms by which additives regulate surface growth in-
clude step pinning, incorporation, and kink blocking.** Re-
cent research has shown that a specific inhibitor of hydroxy-
citrate has a strong binding energy with mineral surfaces by
inducing localized strain to dissolve the crystal even under
supersaturated conditions.®® Moreover, background electro-
Iytes also have a considerable influence on the kinetics of
crystal growth.®®

4.1. Step pinning

The classic Cabrera-Vermilyea (C-V) model of step pinning
explains inhibition of the DCPD surface growth kinetics
by phosphorylated osteopontin (OPN) peptides as observed

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Effect of 3P-OPN on the DCPD surface growth. (A) Schematic
diagram of C-V model.®® (B and C) The interaction of 3P-OPN-bearing
solutions with a DCPD surface showing the [100]c. step kinetics are
consistent with the classic C-V model of step pinning, that is, there ex-
hibits a dead zone where no growth occurs below 04.2% Adapted with
permission from ref. 24 and 69. Copyright 2009 and 2014 American
Chemical Society.

by in situ AFM observations.** According to the C-V
model, OPN peptides (circles in Fig. 5A) adsorb onto the
steps through stronger competitiveness with solute species
and roughen and inhibit the step movement as stoppers
(Fig. 5A).°7°° In essence, the C-V model involves two im-
portant parameters of average inhibitor spacing, L; and
step critical radius, r.°® The step curvature is determined
by L;,*° and the retardant effect on step advancement is
explained by the G-T effect: as L; < Gr. (G is dependent
on the geometry of the crystal lattice’””"), the step is at a
thermodynamically stable state and appears to cease mov-
ing.”' A “dead zone” is created over a supersaturation
range up to o4 where no growth occurs (Fig. 5B). The crit-
ical impurity separation is actually an upper limit to block
step movement.*®”*”> For L; > Gr., the C-V model suc-
cessfully predicts the preferential adsorption behavior of
3P-OPN onto the DCPD [100]c. step®® as its velocity is
given by v; = ve(1 - GBr.C{), where v, is the step velocity
in a pure system, B is a proportionality coefficient related

CrysttngComm, 2018, 20, 2886-2896 | 2891
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to geometric factors, sticking probability, and the inhibitor
lifetime.”* 3P-OPN preferentially binding to the [100]c.
step instead of to the other two steps results in a change
in the hillock shape (Fig. 5B and C). Considering selective
and step-specific adsorption, the revised C-V model is ap-
propriate for describing the action of 3P-OPN-regulated
DCPD surface growth:

%: %, L <Gr, (7)

LY lGBrcCio'j, L >Gr, (8)
R, 3

Thus, at sufficiently high 3P-OPN levels and low supersat-
uration, the growth of [100]c. steps ceases and the surface
growth rate for a DCPD (010) surface will be 2/3 of the growth
rate in a pure solution (without additives).

4.2. Step density and interface energy

Recent studies on 13-mer amelogenin's C-terminus (13-mer
Amel) has shown that peptides do not obviously roughen

View Article Online
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step-edges of DCPD and change step speeds, but the terrace
width is increased at low peptide concentrations, that is the
decrease in step density.”> As shown in Fig. 6A 1 nM 13-mer
Amel peptides modify the terrace width in the order [101]¢. =
[101]ce > [100]c. due to the anisotropic modification of step
energies.”” Modifying the free energies of the step edges, ysep
(ref. 23 and 73) corresponds to a change of the interfacial free
energy at a solid-liquid interface, ys;, which represents the
mean value for ygep of all crystal-face-step energies.”** It is
difficult to directly measure ys;,”* and the surface free energy
in air, ys.ir, but calculation by static contact angle measure-
ment can serve as a rough proxy for ys;.”* ys..ir points out the
hydrophilicity of the substrate and larger ys.,;; correlates with
smaller ys;, i.e., surfaces with a large amount of charge prefer-
entially interact with polar water molecules.”* Indeed, low
concentrations of 13-mer Amel peptides will decrease ys ,;; af-
ter adsorption onto the DCPD surface (Fig. 6B) and increase
ys..”> An obvious increase of the terrace width highlights a
thermodynamic mechanism of the interfacial energy control
following the addition of 13-mer Amel peptides.

4.3. Other factors influencing the role of additives

Additives can block kinks or interfere with the ion hydration
state to inhibit or accelerate growth.**”> For the nonclassical

Pure system
A=103 nm
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¢ = 0.424
[13-mer Amel] =1 nM
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Fig. 6 Effects of 13-mer Amel peptides on step density and interfacial energies at the DCPD-water interface.”® (A) AFM images showing the effect
of 13-mer Amel peptides and supersaturation on the terrace width of a DCPD growth hillock. (B) Surface free energy of the DCPD substrates pre-
adsorbing various concentrations of 13-mer Amel peptides determined by the static contact angle method. Adapted with permission from ref. 73.

Copyright 2015 American Chemical Society.
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Fig. 7 Growth of an OCP crystal by particle attachment on the OCP (100) surface in the presence of Amel's C-terminal peptides.?® AFM height im-
ages taken in (A) ScanAsyst mode (¢ = 1.77) and (B) contact mode (¢ = 1.86) showing the formation of elongated Ca-P nanoparticles in the pres-
ence of 50 nM Amel's C-terminal peptides after 360 min of surface nucleation and growth. (C) A schematic diagram of self-assembled Amel's
C-terminal peptides to direct and template elongated OCP crystallization. Adapted with permission from ref. 29. Copyright 2017 American Chemi-

cal Society.

nanoparticle attachment mechanism, some additives, such as
Amel that constitutes more than 90% of the total proteins
found in the extracellular matrix in developing tooth enamel,
can bind Ca-P nanoparticles and induce the formation of
elongated OCP nanorods (Fig. 7).>° The observed phenome-
non is further analyzed and rationalized through fluorescence
imaging and SMFS determination.>® This is consistent with
the role of citrate that covers about 1/6 (1 molecule per 4

m?)’® of the available HAP surface area in bones and plays
a dual role in the HAP surface growth:'> inducing oriented
adsorption of nanoclusters and nanoparticles along the HAP
c-axis and stabilizing Ca-P clusters for a long time. The align-
ment of citrate on HAP is the same as that of the collagen fi-
bers in bones, therefore contributing to the formation of
elongated apatite. Finally, we need to mention that certain
additives may incorporate within the resulting Ca-P single
crystals and modify their properties.”” Co-precipitation of
mineral phases in the presence of additives was recently con-
firmed to be an effective strategy to produce composite single
crystals with tunable mechanical, optical, or electric
properties.

This journal is © The Royal Society of Chemistry 2018

5. Biomolecule-mineral interactions
at the single-molecule level

Nucleation and growth kinetics and the final crystal morphol-
ogy largely depend on the strength of protein- or peptide-
mineral surface interactions. The advent of AFM-based SMFS
in fluid medium enabled information to be acquired about
inter- and intra-molecular bonding and quantifying the free
energy of biomolecule-mineral binding.">’® Following tip
functionalization (Fig. 8A), one side of the crosslinker is
immobilized on the apex of an AFM tip and the other side re-
acts with protein or peptide.'” Different methods have been
reported to functionalize the AFM tip, and one commonly
used method is the linking of the N-terminal amine or lysine
residues of the protein or peptide with gold-coated silicon ni-
tride tips which are presorbed with a heterobifunctional
cross-linker, LC-SPDP." This process involves nucleophilic
attack of deprotonated primary amines of protein or peptide
with an N-hydroxysuccinimide ester of the bifunctional
linker."” The modified tip is forced to be repeatedly in con-
tact with the mineral substrate to obtain a series of force-
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Fig. 8 Determination of the binding free energy for a single molecule of OPN peptide 62-85 on an HAP (100) face.®° (A) A single-molecule of
OPN peptide is linked to an Au-coated tip functionalized with cross-linker LC-SPDP. The modified AFM tip is forced to repeatedly approach and
retreat from the HAP surface to obtain a series of (B) force-distance and (C) force-time curves. (D) Dynamic works (W) for rupturing the bonds be-
tween OPN peptide 62-85 and the HAP (100) face. Adapted with permission from ref. 80. Copyright 2017 American Chemical Society.

distance (F-d) curves.”” Fig. 8B shows representative F-d
curves associated with a single OPN peptide adsorbed onto a
HAP (100) surface,® and analysis of the F~d curves allows the
extraction of three parameters: the maximum adhesion force
(Fmax), the maximum pulling distance (L.) and the total energy
dissipation (W)."”®' The F-d curves can be displayed as F-t
curves (Fig. 8C), and the loading rate (r) can be calculated via
the slope of F~t curves just prior to bond rupture.'” Finally,
the relationship between W and r can be fitted using a two-
state theoretical model'”** to quantify the free-energy differ-
ence, AGg. Since the process of bond rupture is time depen-
dent, W is always larger than -~AGg (W = —AGg) and decreases
gradually with the decrease of r."” When r is close to zero, W
approaches —AGg, i.e., the calculated binding free energy for
OPN peptide 62-85 is —46.6 + 11.5 kcal mol™* (Fig. 8D).*° The
binding free energies —208 + 36 and -179 + 29 kcal mol™ of
collagen-HAP (100) and (110) faces, respectively, could be
explained as different Ca*>" arrangements in different faces.”
This suggests the presence of a better stereochemical relation-
ship between collagen and the HAP (100) face.”®

Except for the direct determination of protein or pep-
tide-mineral interactions by SMFS with a combination of
theoretical simulations, other methods such as sum-
frequency generation (SFG)®* can also characterize the de-
tailed local structures and interactions of biomolecules at
mineral interfaces.

6. Conclusions and perspectives

Ca-P-based calcified tissues are multifunctional and hierar-
chically organized. Understanding the nucleation and surface

2894 | CrysttngComm, 2018, 20, 2886-2896

growth dynamics of Ca-Ps and their modulation by biomole-
cules can unveil the complicated biomineralization mecha-
nisms. (1) We summarize the typical features of several Ca-Ps
that could be imaged by in situ AFM and their surface growth
dynamics by either the classical pathway or a nonclassical
mechanism. (2) We present unique roles of soluble proteins,
peptides and other organic molecules in Ca-P mineraliza-
tion, and (3) we demonstrate the SMFS technique, which
provides a thermodynamic basis for understanding protein-
Ca-P mineral interactions. However, further AFM studies are
needed:

(1) Scanning speed enhancement. Compared with conven-
tional AFM imaging, high-speed AFM can significantly reduce
imaging time by 100 to 1000 times.** This provides corrobo-
rative ‘visual evidence’ for the transient action of the
protein—Ca-P mineral interaction and the dynamic behavior
of biomolecules on mineral surfaces.

(2) Temperature. Mineralization of bones and teeth com-
monly proceeds at the physiological temperature of 37 °C,
but most AFM studies are conducted at room temperature.
The increase of temperature results in a faster step speed.
This can be attributed to both the kinetic changes of adsorp-
tion and desorption rates of biomolecules on crystal surfaces
and the thermodynamic changes of step free energies and
overcoming the activation energy barrier. The revised dynam-
ics will improve the understanding of the Ca-P mineralization
mechanisms.

(3) Imaging soft substrates. Imaging Ca-P crystallization
on soft substrates, such as cell membranes, provides techni-
cal support to observe biomolecule-regulated extracellular
mineralization in physiological environments.

This journal is © The Royal Society of Chemistry 2018
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