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Biomineral Systems
E

 Atomic force imaging and spectroscopy provide unique tools for investigating 
molecular interactions and dynamics in biomolecular and biomineral systems 
in situ. Herein, three recent examples of methods used to gain mechanistic 
insights into the self-assembly of protein matrices and biomolecular controls 
over mineral formation are reviewed. Studies of S-layer protein assembly reveal 
the complex nature of the nucleation and growth pathway, demonstrate the 
importance of kinetic traps in determining that pathway and provide quantifi ca-
tion of the energy barriers controlling formation rates. Investigations of citrate 
and polypeptide modifi cation of calcium oxalate monohydrate growth com-
bined with molecular dynamics simulations (MD) demonstrate the importance 
of stereochemical matching at atomic steps on the crystal surface and establish 
a direct relationship between the step edge binding energies and shape modi-
fi cation. Measurements of step kinetics lead to detailed atomic-scale models 
that include both thermodynamic and kinetic effects, including time-dependent 
phenomena related to the multi-stage binding dynamics of polypeptide chains. 
Dynamic force spectroscopy measurements of binding between amelogenin 
peptide segments and hydroxyapatite (HAP) crystal faces, again combined 
with MD simulations, establish an energetic rationale for the observed c-axis 
elongation characteristic of HAP in tooth enamel, based on determinations of 
the peptide-HAP binding free energy. These examples demonstrate the deep 
level of understanding that can be obtained by applying in situ AFM imaging 
and force spectroscopy to biomolecular and biomineral systems. 
  1. Introduction 

 The formation of materials in biological and environmental 
systems, whether through assembly of protein complexes or 
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biologically-directed mineral nucleation 
and growth, typically occurs in aqueous 
media. While this environment presents 
many challenges to both theoretical and 
experimental lines of investigation, it 
presents an opportunity for application 
of atomic force microscopy (AFM). Both 
imaging and dynamic force spectroscopy 
(DFS) can be carried out in fl uids; conse-
quently the interactions of proteins with 
other proteins or surfaces, protein aggrega-
tion and self-assembly, and mineral nuclea-
tion and growth can all be probed in situ 
with resolution at the level of single pro-
teins and atomic step heights. This capa-
bility has a number of scientifi c impacts. 
First, the dynamics of these processes and, 
ultimately, the structure and morphology 
of the fi nal state refl ect the energy land-
scape seen by the constituent ions and mol-
ecules. DFS provides a means for directly 
probing the free energies of binding while 
measurements of assembly, nucleation, 
and growth rates indirectly probe kinetic 
and/or free energy barriers that determine 
the rates of these processes. Second, an in 
situ imaging capability removes the ambi-
guity associated with deducing pathways of 
formation by observation of a fi nal struc-
ture or morphology. There are many technological challenges 
associated with applying in situ AFM imaging and DFS to pro-
tein and biomineral systems, but rarely are they insurmountable. 
Here we review some recent investigations by the authors of 
three phenomena: protein self-assembly, bio-organic modifi ca-
tion of mineral growth, and protein-mineral surface interactions, 
and illustrate the unique information obtained through in situ 
AFM imaging and spectroscopy.   

 2. Protein Self-Assembly 

 Self-assembled protein architectures exhibit a range of struc-
tural motifs [  1  ]  including particles, [  2  ]  fi bers, [  3  ]  ribbons, [  4  ]  and 
sheets. [  5  ]  Their functions include selective transport, [  5  ]  structural 
scaffolding, [  6  ]  mineral templating, [  4  ,  7  ]  and propagation of or 
protection from pathogenesis. [  3  ,  8  ]  Although the molecular struc-
tures of the isolated proteins dictate their governing interac-
tions, these functions emerge from the nanoscale organization 
that arises out of self-assembly. Typically, proteins that naturally 
2525wileyonlinelibrary.com
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self-assemble into extended ordered structures adopt conforma-
tions that are distinct from those of the individual monomeric 
proteins. [  9–11  ]  For example, collagen matrices, which constitute 
the organic scaffolds of bones and teeth in all higher organ-
isms, are constructed from triple helices of the individual col-
lagen monomers. [  11  ]  These helices further assemble into highly 
organized, twisted fi brils exhibiting a pseudo-hexagonal sym-
metry. In some cases, assembly is inexorably linked to folding 
transformations, as in the case of prion or amyloid fi brils, 
where mis-folding of the monomers triggers assembly, which 
in turn drives mis-folding of new monomers. [  9  ]  None-the-less, 
while the phenomenon of folding by individual proteins has 
been well explored both experimentally and theoretically, much 
less attention has been given to protein assembly. 

 Recently, in situ AFM was used to investigate the dynamics 
and underlying mechanisms of S-layer protein assembly. [  12,13  ]  
S-layers are a class of proteins that assemble into 2D crystalline 
sheets forming the outermost membranes of many bacteria and 
Archaea. [  14  ]  The crystalline lattice is typically built from multi-
meric growth units of the individual S-layer monomers, which 
in some cases can adopt more than one structural conformation 
within a single membrane. [  15  ]  The individual proteins, which 
can have molecular weights of hundreds of kDa, are produced 
within the cell, but must be assembled on the outside. They typ-
ically overlie a lipid membrane or polymeric cell wall and exhibit 
crystal symmetries ranging from p1 to p6. They play a role in 
all the functions of self-assembled protein structures listed 
above and can be reconstituted in vitro into 2D arrays both in 
bulk solutions and at surfaces. Because they exhibit large-scale 
order and a periodicity commensurate with the dimensions of 
quantum dots and nanotubes, they were amongst the fi rst self-
assembled protein structures to be exploited as scaffolds for 
organizing nanostructures via a bottom-up approach. [  16  ]  

 In order to gain insight into the assembly process, Chung 
et al. [  12  ]  used in situ AFM to follow the nucleation and growth 
of the S-layer SbpA from  Lysinibacillus sphaericus  (ATCC 4525, 
MW  =  132 kDa) on supported lipid bilayers (SLB) of 1-palmi-
toyl-2-oleoyl-sn-glycero-3 phosphocholine (POPC) deposited on 
mica substrates. Monomeric SbpA dissolved in pure water was 
mixed with 10 mM tris(hydroxymethyl)aminomethane (Tris), 
pH 7.1, 100 mM NaCl, 50 mM CaCl 2  and injected into the fl uid 
cell of an AFM equipped with a liquid-resistant, vertical engage-
ment 160  μ m scanner. The AFM probe consisted of a sharp 
silicon tip on a silicon nitride cantilever (HYDRA probe, length: 
200  μ m, spring constant k  ≈  0.035 N/m, average tip diameter ≤ 
15 nm, AppNano, Santa Clara, CA). Freshly peeled Mica discs 
(Grade V-1 Muscovite, Structural Probe, Inc) glued on metal 
disks using 20 min Epoxy glue were used as substrates for SLBs 
of POPC. For typical imaging conditions, AFM images were 
collected at scan frequencies of  ≈ 1–8 Hz while applying a min-
imum loading force of  ≈ 150 pN or less using optimized feed-
back and setpoint parameters for stable imaging conditions. 

 The dynamics of S-layer assembly on the SLB was investi-
gated for a range of protein concentrations. The results, shown 
in  Figure    1  , revealed a multi-stage assembly pathway comprised 
of four distinct processes:   (1)   adsorption of extended monomers 
onto the SLB,  ( 2 )  condensation into amorphous or liquid-like 
clusters,  ( 3 )  rearrangement and folding into crystalline arrays 
of tetramers, and  ( 4 )  growth by new tetramer formation at edge 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  1 .     Sequential in situ AFM height images and surface plots showing the S-layer adsorption, followed by condensation and phase transition 
of a single cluster as well as its subsequent growth. Here,  Δ  t  indicates time elapsed since collection of the image in (a). a) At  Δ  t   =  0, monomers or 
small oligomers in an extended conformation have adsorbed to the SLB. b) By  Δ  t   ≈  62 min the amorphous nucleus has formed but shows signs of 
emerging order. Images at c)  Δ  t   ≈  65.8 min and d)  Δ  t   ≈  70.3 min show the phase transition from the amorphous (c) to crystalline (d) state, at which 
time each individual lattice unit is clearly discernable. After the transformation ((d)  Δ  t   ≈  70.3 to (h) 116.8 min), the crystal grows by formation of 
new lattice units at — and only at — unpopulated lattice sites along the perimeter of the crystal. For example, between d and e, newly formed lattice 
units complete the bottom and 3rd rows of the cluster. Times are (a) 0, (b) 62, (c) 65.8, (d) 70.3, (e) 88.5, (f) 95.5. (g, h) In situ AFM images and 
height profi les showing g) initial adsorbed proteins and h) fully crystalline clusters. Height profi les were measured along the horizontal black lines in 
each image and are labeled to denote the heights of the lipid bilayer (LB), adsorbed proteins (APs) and crystalline clusters (CCs). Here,  Δ t indicates 
time elapsed since introduction of protein solution. By  Δ  t   =  15 min (g), S-layer monomers had started to adsorb onto the SLBs and by  Δ t  ≅  87 min, 
nearly all of amorphous clusters had transformed into CCs with a tetragonal lattice. At later times (e.g.,  Δ  t   ≈  220 min, (h)), each CC continued to grow 
by consuming available APs near the cluster until growth was physically hindered by neighboring CCs. i) A highly-resolved image from mature CCs 
(g) reveals the tetrameric arrangement and sub-molecular details (i.e., loop-like structure) of the four S-layer monomers that comprise each lattice unit. 
Reproduced with permission. [  12  ]  Copyright 2010, National Academy of Science.  

Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  2 .     Growth rates of individual crystalline clusters for a range of ini-
tial sizes. They demonstrate that the growth rate for an individual cluster 
depends on its size at  t   =  0, with larger clusters exhibiting faster growth 
rates.  t   =  0 is time when the crystal phase appeared. Dotted lines give the 
fi ts to experimental data where the fi tting was based on the model described 
in the text according to  Equation (1) . The legend relates the data for each 
curve to the initial number of lattice units in the crystal nuclei. Reproduced 
with permission. [  12  ]  Copyright 2010, National Academy of Science.  
sites of the crystalline clusters. (A movie of the growth process 
can be found in the supplementary on-line information of ref. 
[ 12   ]). The in situ capability enabled Chung et al. [  12  ]  to measure 
cluster growth rates ( Figure    2  ), which were then analyzed in 
terms of a model that assumed tetramer formation occurred 
at edge sites with a rate coeffi cient   β   controlled by diffusive 
transport of proteins along the lipid surface. This model gave a 
simple expression for the number of tetramers  N T   in a cluster 
as a function of time;

 
NT (t) =

[
βn0 f (t) + N1/2

T,0

]2

  (1)      

 where  n  0  is the initial number density of monomers on the 
surface,  N   T, 0  is the number of tetramers in the cluster at the 
time of nucleation and  f ( t ) is a function that is linear at small 
 t  and approaches a constant at large  t . The rate coeffi cient   β   
was written as the product of the diffusive collision rate ( aD / d ), 
where  a  is the S-layer lattice parameter,  D  is the diffusivity and 
 d  is the typical jump distance of a few water molecules, and a 
Boltzmann factor  exp ( -E  A  /kT ), in which the activation energy  E  A  
is associated with the creation of new tetramers. This analysis 
led to an estimate for  E  A  of about 50 kJ/mol or 20 kT, which 
is about half of the free energy barrier expected for folding of 
a single protein the size of SbpA. [  17  ]  Consequently, the ability 
to image assembly in situ revealed an auto-catalytic process in 
which the emergence of order in the S-layer cluster reduces the 
barrier to forming the next ordered growth unit. 

 Shin et al. [  13  ]  followed this study by examining the role 
played by the substrate. They followed S-layer assembly on bare 
mica and found that, in the absence of the lipids, two distinct 
structural domains of S-layers are formed. One is identical 
to that observed on the SLB. The second, however, is 2–3 nm 
shorter in height, though the lateral dimensions of the lattice 
are identical or nearly so ( Figure    3  A). Over time, the short 
domains transformed into the tall domains by “standing up”, 
as shown in Figure  3 B. The ability to investigate this system in 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
situ enabled quantifi cation of the number density of nuclei that 
formed the short and tall phases and thus extract the relative 
magnitude of the barriers to nucleation of each. Taking  N S /N T    =  
 exp( − (E  S   − E  T  )/kT) , where  N i   and  E i   are the fractions of clusters 
and activation barriers, respectively, and the subscripts S and 
T refer to short and tall, from analysis of the data the differ-
ence between the two barriers ( Δ   =   E  S   − E  T ) was found to be only 
1.6 kJ/mol or 0.7 kT, [  13  ]  which is much less than the barriers given 
above to creating new tetramers either through isolated protein 
folding or new tetramer formation at S-layer boundaries.  

 Analysis of the rates of transformation form short to tall 
showed that, in contrast to the small difference in the prob-
ability of forming short and tall phases, the barrier to transfor-
mation is quite large. The number of short domains at any time 
is given by  N  S ( t )  =   N  S ( t   =  0) exp ( −t/ τ  ) where  N  S ( t   =  0) is initial 
number of short domains before transformation and 1/  τ   is the 
characteristic rate coeffi cient and 1/  τ    =   f exp (- E  B / kT ) where  f  is 
the characteristic attempt frequency associated with conforma-
tional fl uctuations and  E  B  is the barrier to transformation. As 
 Figure    4  A shows, the fraction of short domains does indeed 
follow a simple exponential dependence. Assuming the trans-
formation of an entire domain is triggered by transformation 
of a single tetramer (see Figure  3 B) and taking an appropriate 
value for  f , [  13  ]  that barrier was found to be 61 kJ/mol or 25  kT . 
Thus, once the high-energy domains form, the barrier to their 
relaxation into low-energy domains is nearly as great as the bar-
rier to folding of individual S-layer proteins.  

 The fi ndings of these two studies of S-layer crystallization 
highlight the value of in situ AFM observations. They revealed 
the complex nature of the nucleation and growth pathway, dem-
onstrated the importance of kinetic traps in determining that 
pathway and provided quantifi cation of the energy barriers con-
trolling formation rates (Figure  4 B). They also led to a realiza-
tion of the similarity between the dynamics of protein folding 
and the assembly of proteins into extended ordered structures 
that require the individual constituents to undergo conforma-
tional changes. When individual proteins transform from an 
unstructured state to the fi nal equilibrium state, the concept of 
a folding funnel characterized by a large number of potential 
initial states higher in energy than the fi nal state ( Figure    5  ) is 
often invoked. [  18  ]  The walls of the funnel are presumed not to 
be smooth and the resulting bumps and valleys defi ne kinetic 
traps where the protein exhibits non-equilibrium structures for 
extended periods of time. These transient structures can be dis-
ordered “molten globules” or partially ordered intermediates. [  19  ]  
From these studies on S-layer assembly dynamics, we see that 
the concept of the folding funnel for individual proteins can be 
equally applied to assembly of extended ordered protein struc-
tures. Beginning with rapid collapse into clusters of monomers, 
the S-layer system explores many confi gurations before trans-
forming into the fi nal ordered state. However, a large percentage 
of the trajectories render the system temporarily trapped in a 
high-energy, less ordered structure, from which it slowly relaxes 
into the low-energy equilibrium structure. Indeed, the language 
used to describe the protein folding funnel is well suited to 
this picture of S-layer assembly, with the amorphous liquid-
like clusters investigated in our previous study representing 
the multi-protein equivalent of the “molten globules” and the 
partially ordered high-energy domains constituting the “folding 
intermediates ” . Because extended protein architectures with 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  3 .     Sequences of in situ AFM images of 2D S-layers assembled on mica showing the two 
types of domains, as well as the transformation from short to tall domains.  Δ  t  indicates time 
elapsed since collection of images i and i * . S-layer crystals were initially grown in solution at 
25  ° C and further development of the domains was monitored in the same solution. Series in 
(a) shows evolution in distribution of domains in protein solution following an incubation time 
of 4.5 h. (i) Initial ratio of tall to short domains by area was 1.3. (ii) By  Δ  t   ≈  2.3 h, about 25% of 
the short domains in (i) had transformed into tall domains without any dissolution of S-layer 
proteins from the domains. (iii) and (iv) At  Δ t  ≈  3.2 and 19.2 h, most of the short domains had 
transformed into tall domains. However a few short domains still remained, indicating that the 
transformation does not go to 100% completion until much later times. Series in (b) shows 
transformation of a single domain in protein solution following an incubation time of 2.5 h. 
The transition began at the free edge of the short domain. In between (iii  ∗  ) and (iv  ∗  ), the short 
domain continued to grow by adding new tetramers at the bottom edge. Times of image collec-
tion were (i  ∗  ) 2.5, (ii  ∗  ) 2.7, (iii  ∗  ) 2.8, and (iv  ∗  ) 2.9 h. Reproduced with permission. [  13  ]  Copyright 
2012, National Academy of Science.   
long-range order commonly require conformational changes 
from the monomeric structures, this picture may be generally 
applicable the phenomenon of protein self-assembly.    

 3. Biomineralization 

 The complex shapes, hierarchical structures and unique prop-
erties found in biominerals have long captured the imagination 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 2525–2538
of crystal chemists. Early attempts to under-
stand how ionic crystals with classical shapes 
and poor mechanical properties could be so 
remarkably different when formed by organ-
isms were focused mainly on the changes 
seen in crystal morphology. [  21  ]  These studies 
typically examined crystals grown in the pres-
ence of proteins extracted from organisms 
at sites of mineralization [  22  ]  as well as pep-
tides and other small molecules expressing 
functional groups similar to those present 
in the full proteins. [  23,24  ]  By comparing shape 
changes to the molecular structures of the 
modifi ed crystal surfaces, particularly those 
of newly expressed faces, the investigations 
postulated the nature of the dominant inter-
actions and stereochemical relationships 
responsible for the altered crystal shapes. 

 While more recent investigations have 
shown that the initial formation process of 
many and perhaps all biominerals occurs 
along a complex pathway involving disor-
dered or amorphous precursors, [  25,26  ]  the 
signifi cance of biomolecule-biomineral inter-
actions continues to be a subject of inten-
sive study. Protein-mineral interactions are 
believed to be involved in stabilization of 
non-equilibrium phases [  27  ]  and control over 
mineral shape, [  28  ]  and protein incorporation 
plays a major role in determining mechanical 
properties. [  29  ]  In situ AFM has contributed 
signifi cantly to developing a mechanism-
based understanding of these phenomena. 
By examining the atomic-scale dynamics of 
crystal growth, AFM studies have provided 
a link between growth modifi cation and the 
underlying chemical interactions. [  30–35  ]  

 Of the numerous mechanisms of modifi ca-
tion identifi ed by AFM, a central theme has 
been the link between biomolecule-step inter-
actions and changes in growth dynamics that 
infl uence mineral phase, growth rate, crystal 
shape, and incorporation of organics. One of 
the most important factors to emerge as a key 
control on the effect of biomolecules is the 
stereochemical relationship between the step 
and the organic modifi er. The effects of citrate 
on the growth of the crystal calcium oxalate 
monohydrate (COM, CaC 2 O 4  H 2 O) provides 
an excellent example. COM is the main min-
eral phase of human urinary stones and citrate 
is both a naturally occurring inhibitor and a therapeutic often 
prescribed to kidney stone patients.  Figure    6   shows the changes 
in the shape of a typical COM crystal as the concentration of cit-
rate in solution is increased. [  36  ]  Also shown is as the evolution 
in growth hillock morphology during growth of the  (1̄01)    and 
(010) face of COM in the presence of citrate. In contrast to the 
minor effects on the (010) face, extreme changes are observed 
on the  (1̄01)    face. In particular, the [101] step shows a dramatic 
reduction in step speed and extreme step edge roughening. 
2529wileyonlinelibrary.comheim
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     Figure  4 .     a) Kinetics of short-to-tall S-layer domain transformation on 
bare mica and associated energy diagram. The plot gives the relative 
number ratio of short domains ( f s  ) vs. time showing a simple exponential 
dependence. The best linear fi t is shown as a solid line. From these data, 
the energy barrier to transformation of a domain from short to tall was 
found to be about  ≈ 61 kJ/mol. Labeling of data points (i - iv) corresponds 
to the image in Figure  3 a on which the analysis was performed. Solid line 
gives a guide to the eye. Times at which images were captured are (i) 4.5, 
(ii) 6.8, (iii) 10.0, and (iv) 29.2 h. (b) Proposed energy diagram of S-layer 
assembly from the monomer in solution to the crystal on mica. Energy 
barriers to formation of two states only differ by 1.6 kJ/mol however the 
energy barrier to transformation from one to the other is  ≈  38 times larger. 
These energy barriers are qualitatively presented along with two pathways 
during the assembly. Reproduced with permission. [  13  ]  Copyright 2012, 
National Academy of Science.  

     Figure  5 .     Protein folding funnel showing unfolded, molten globule, par-
tially ordered state and fully ordered state. Barriers to forming partially 
ordered and fully ordered state from molten globule are small, but barrier 
to transformation from partially ordered to fully ordered states is large. [  20  ]   
Figure  6  demonstrates that the macroscopic shape change is a 
direct refl ection of the atomic-scale changes in step morphology.   

  Figure 7   shows the results of molecular models that predict 
the optimized citrate binding confi guration at the dominant 
steps on the two faces. These models reveal the importance 
of stereochemistry at step edges by showing that the binding 
energy of citrate is considerably higher at any step than it is to 
either of the fl at faces [  33  ]  (73 to 167 kJ/mol vs. 49 to 65 kJ/mol). 
Moreover, the step that is most strongly affected by addition of 
citrate, the [101] step on the  (1̄01)    face, has by far the highest 
binding energy (–166.5 kJ/mol). The predicted geometry of 
citrate binding to this step is shown in Figure  7 A. [  33  ]  The ste-
reochemical relationships seen in the simulations reveal the 
importance of both the orientation of oxalate groups, which can 
repel the citrate carboxyl groups, and the confi guration of cal-
cium sites on the crystal surface, to which the carboxyl groups 
can bind electrostatically. The geometry of the acute [101] step 
on the  (1̄01)    face provides the most favorable steric confi gura-
tion because it optimizes both factors.  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 By comparison, binding energies for citrate to all steps on 
the (010) face are much less favorable, with binding to the  [1̄00]    
step predicted to be only –73.2 kJ/mol, or over 2 ×  smaller than 
for the [101] step. The predicted geometry of citrate binding to 
the  [1̄00]    step is shown in Figure  7 B. The extension of dicarbo-
xylic acids of oxalate molecules beyond the (010) plane causes 
electrostatic repulsion and thereby makes it diffi cult for citrate 
molecules to bind to the steps or to the face. Thus, binding 
energies for these steps are also consistent with the very minor 
effects of citrate on the (010) face. [  32,33  ]  

 The morphological result of strong citrate binding to the 
[101] step is that its edge becomes serrated as citrate pins the 
step at many sites along its length. [  32  ]  As a step segment tries 
to advance between two pinning sites, it becomes curved. 
According to Gibbs–Thomson relationship, the equilibrium 
solubility of a solid is an increasing function of the surface 
curvature. [  37  ]  The same rule applies to steps. Thus even in a 
solution supersaturated with respect to the bulk crystal, a step 
segment between two pinning sites will only advance until it 
reaches a curvature for which it has the same chemical poten-
tial as the solution. [  37  ]  At low supersaturation ( σ ) or high citrate 
concentration (C i ), the result is complete inhibition. At suffi -
ciently high supersaturations or low citrate concentration, the 
step can advance, but does so more slowly than in the pure 
system because the citrate molecules adsorbed to the step 
edges have eliminated sites for solute attachment — so-called 
kink sites. 

 With these two basic ideas — curvature-dependent solu-
bility and kink site blocking — the in situ growth data enabled 
development of a quantitative model for growth modifi cation. 
 Figure    8   shows the measured dependence of [101] step speed 
in the presence of the impurity (v i ) divided by the step speed in 
pure solution (v 0 ) on citrate concentration for a range of Ca 2 +   
activities  a  (Ca)  along with the predictions of a model that includes 
the effects of step pinning and kink blocking according to. [  35  ] 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  6 .     Scanning electron micrographs of COM crystals formed in pure supersaturated cal-
cium oxalate solution (a) and in the citrate-bearing solutions at various citrate concentrations; 
10  − 4  M (b), 10  − 3  M (c), and 2  ×  10  − 3  M (d). Scale bar: 10  μ m. (Courtesy of the Journal of 
Urology (55).) e) A geometrical model illustrating the COM crystal with its distinguished facets. 
f–h) Effect of citrate on morphology of the  (1̄01)    face during growth. Sequential AFM images 
during growth in citrate-bearing solution at  t   =  0 min. (f),  t   =  10 min. (g), and t  =  33 min (h). 
Because the speed of the [101] step is more strongly affected than the [120] steps, its speed 
drops more dramatically and thus the terrace widths become nearly equal in the two directions. 
Image sizes: 4.1  μ m  ×  3.3  μ m. i, j) AFM images showing growth hillocks on the (010) face in 
pure (i) and citrate-containing (j) solutions. Image sizes are 1.2  μ m  ×  1.2  μ m. Reproduced with 
permission. [  32  ]  Copyright 2004, National Academy of Science.   
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 where A 2  is just the ratio of the adsorption 
to desorption rate coeffi cients (K A /K D ) in the 
expression for Langmuir adsorption, A 3  con-
tains the kink density in the pure system, 
as well as some geometric factors, and A 1  
includes some materials parameters, geo-
metric factors, and the impurity-step sticking 
coeffi cient. The fi rst term in  Equation (2)  
captures the kinetic inhibition created by 
blocking of kink sites by the impurities and 
the second term gives the thermodynamic 
inhibition caused by step curvature between 
impurity pinning sites. The data are well fi t 
by this model and show that the step-specifi c 
inhibition and resulting change in crystal 
shape are due to a combination of thermody-
namic effects from step curvature and kinetic 
effects from kink blocking. Moreover the 
combined results from the AFM experiments 
and MM calculations provide the desired link 
between the mechanistic change in growth 
behavior and the underlying energetics of the 
crystal-modifi er interaction. 

 The introduction of highly-acidic long-
chain peptides or proteins, which are often 
found in association with biominerals, intro-
duces a new set of phenomena associated 
with two characteristic features, whose effects 
can only be realized through in situ studies. 
The fi rst is the tendency to aggregate into 
clusters on charged surfaces [  38  ]  and the second 
is the dynamic nature of surface binding, [  39  ]  
both in terms of the relatively long timescale 
for peptide adsorption to the surface and the 
tendency to weakly adsorb before relaxing to 
a more strongly bound state. Friddle et al. [  31  ]  
investigated the unique behavior of long-
chain peptides by examining COM growth 
in the presence of (DDDS) 6 DDD. These were 
chosen to act as surrogates for the Asp-rich 
region of osteopontin, which is an acidic 
urinary protein containing 19 Asp residues 
occurring primarily in groups of two-to-
three. OPN is known to strongly inhibit COM 
growth in vitro. [  40  ]  

 To investigate this system at the highest 
resolution, Friddle et al. [  31  ]  employed two 
modifi cations of the standard approach to 
imaging crystal surfaces by AFM. Capturing 
the morphological evolution of atomic steps 
and their interaction with soft, weakly-
adsorbed macromolecules requires rapid 
scanning. Thus cantilever stiffness must be 
low to minimize the force applied as it passes 
over topographic features such as steps and 
macromolecules. At the same time, high-
resolution imaging requires sharp probes. 
Silicon probes, which offer excellent sharpness, are too stiff to 
scan at high rates in contact mode without displacing adhered 
2531wileyonlinelibrary.comheim
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     Figure  7 .     Geometry of citrate binding to steps in minimum energy confi guration. a) citrate molecule bound to acute [101] step on  (1̄01)   face. The 
calculated binding energy is –166.5 kJ/mol. b) citrate molecule bound to  (1̄00)   step on (010) face. The calculated binding energy is –73 kJ/mol. The 
large difference in binding energy is due to a mixture of electrostatic and stereochemical factors. Reproduced with permission. [  33  ]  Copyright 2005, 
American Chemical Society.  
molecules or fracturing the brittle tip. The common solution is 
to use cantilever probes fabricated from silicon nitride, which 
are much softer; but the malleability of silicon nitride renders 
these probes dull and limits their resolving power. To overcome 
these limitations, as in the work on S-layers described above, 
Friddle et al. [  31  ]  employed probes comprised of sharpened Si 
tips on fl exible, low-stress Si 3 N 4  cantilevers (Applied Nanostruc-
tures, CA). To augment the relatively weak laser signal refl ected 
from the thin Si 3 N 4  cantilever beam (600 nm thick, uncoated) 
they utilized a 3 mW diode laser instead of the  ≈ 1 mW laser 
usually employed. 

   Figure 9  A,B show the atomic resolution images of the COM 
 (1̄01)    and (100) surfaces obtained by employing these modifi ca-
tions to the imaging procedure. Image enhancement by Fourier 
fi ltering revealed sub-molecular details such as protruding ends 
of vertically aligned oxalate groups (high “peaks”) and recessed, 
fl at-lying oxalate groups (low “holes”) (Figure  9 A) on the (010) 
face. Comparison of Figure  9 A,B shows the greater vertical 
relief of the (010) face as compared to the  (1̄01)    face. The over-
lying molecular models show the electrostatic maps for the 
lowest energy confi guration of (DDDS) 6 DDD binding to these 
two faces based on classical molecular dynamics (MD) simula-
tions. The negative oxygen atoms of the oxalate ions that pro-
trude from the (010) terrace are predicted to repel the negative 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  8 .     Dependence of  v / v  0  on citrate concentration for a range of Ca 2 +   
activities. Lines are fi ts to the data according to model described in text 
and described by  Equation (2) . Reproduced with permission. [  33  ]  Copyright 
2005, American Chemical Society.  
carboxyl side groups along the peptide (Figure  9 A), while the 
positive calcium-rich  (1̄01)    terrace provided a favorable binding 
environment (Figure  9 B). Thus peptide binding to the  (1̄01)    
face was predicted to be nearly three times greater than to the 
(010) face.  

 Indeed, as expected from MD simulations, the peptides 
bound to the  (1̄01)    face so that, even at peptide concentrations 
 < 10 nM, the face was covered with a fi lm of peptides and the lat-
tice was no longer resolvable (Figure  9 C). In contrast, the (010) 
atomic structure was still well resolved, showing that  individual  
peptides did not bind to that face (Figure  9 D). Instead, despite 
the like-charge of the peptides and the face, the peptides formed 
surface-adsorbed clusters about 10 nm in size (Figure  9 D). By 
following the step dynamics at molecular resolution, Friddle et 
al. [  31  ]  found that these contrasting adsorption behaviors led to 
distinct, face-specifi c controls on growth ( Figure    10  ). On the 
 (1̄01)    face, as steps moved through the adsorbed peptides, they 
became severely roughened due to a high density of pinning 
sites. But on the (010) face, the steps still consisted of straight 
segments with visible kinks. When a step encountered a pep-
tide cluster, it formed a hinge-point where it was temporarily 
stopped. Eventually, the steps overcame these obstacles and 
recovered to their straight morphology, leaving the peptide clus-
ters unperturbed by the passing step. This process occurred 
repeatedly without any signifi cant change to cluster location 
or shape (movies of these growth processes are provided in the 
supplementary on-line information to ref.  [  31  ] )  

 Measurements of step speed  v  on the  (1̄01)    face revealed a 
number of consequences of peptide adsorption dynamics. First, 
the steps exhibited two distinct states: Upon decreasing super-
saturation   σ   from high values,  v  suddenly jumped from that of 
the pure system into a “dead zone”, i.e., a region of fi nite super-
saturation in which no growth occurs. (Figure  9 E, red, yellow, 
green curves). But upon increasing   σ   from near-equilibrium 
values,  v  followed a smooth trajectory with no abrupt changes 
(Figure  9 E, blue curve). Moreover, as Figure  9 F shows, at the 
supersaturation where the step speed jumped to zero,  v  fl uctu-
ated between the two predicted end-states. 

 This phenomenon of bi-stable growth observed on the 
 (1̄01)    face was proposed to be a natural consequence of poly-
peptide adsorption kinetics on faces to which they strongly 
bind through specifi c interactions. The series of barriers that 
slow the adsorption of polypeptides [  41  ]  results in their passage 
through multiple confi gurations before reaching a lowest-
energy collapsed state. [  39  ]  Under supersaturated conditions, 
step growth competes with this slow peptide binding: When 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  9 .     a) AFM defl ection image of  (1̄01)   face and electrostatic map for confi guration of highest binding energy for (DDDS) 6 DDD as predicted by 
the in vacuo MD simulations. b) AFM defl ection image of (010) face showing step, kinks and electrostatic map of (DDDS) 6 DDD for confi guration of 
highest binding energy. Red is most negative, blue is most positive. In an intuitive and simple electrostatic picture of binding, the negative (yellow) 
oxygen atoms of the oxalate ions that protrude from the terrace are expected to repel the negative (yellow-to-red) carboxyl side groups along the peptide. 
In contrast, on the  (1̄01)   face, the MD simulations predict the positive (blue) calcium-rich terrace should provide a favorable binding environment for 
the carboxyl-rich peptide. Unit cell parameters (9) are  a   =  9.976 Å,  b   =  14.588 Å,  c   =  6.291 Å, and  b   =  107.05 ° . Electrostatic potentials in c and d were 
rendered using MOE 2005.06 (Chemical Computing Group, Montreal, Canada). Molecular structures in panels  a  and b were rendered using WebLab 
ViewerPro 3.7 (Molecular Simulations, San Diego, CA). c) High resolution image showing that, unlike the (010) face, the  (1̄01)   face becomes covered 
by a uniform fi lm of peptide preventing visualization of the underlying lattice ((DDDS) 6 DDD). d) Morphology of (010) face during growth in 5 nM 
(DDDS) 6 DDD showing peptide clusters and pinned steps. Inset shows, high resolution image of one peptide cluster in front of approaching steps 
and one within with the upper step. The crystal lattice is well resolved and the adsorbed peptides are confi ned to the clusters. e) Step speed versus 
supersaturation for various concentrations of (DDDS) 6 DDD. Symbols are experimental values taken after introducing the indicated peptide concentra-
tion into otherwise pure solution. Red squares and blue circles were collected while reducing and increasing supersaturation, respectively. Standard 
errors are smaller than the symbols. Solid curves give the theoretical dependence that takes into account the slow adsorption kinetics of the peptides 
for decreasing (downward arrow) and increasing (upward arrow) supersaturation. f) Series of individual step speed measurements showing bi-stability 
for   σ    =  0.37 and a (DDDS) 6 DDD concentration of 2 nM. Reproduced with permission.[ 31 ] Copyright 2010, National Academy of Science.  

Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  10 .     a–f) Series of sequential images showing interaction of step on (010) face with pep-
tide clusters in a solution containing 10 nM DDDS ( I   =  0.15 M). An individual step approaches 
two adjacent clusters (a,b), is transiently pinned (c,d), and then recovers (e,f). Frame interval 
4.2 s. g–l) Time sequence showing inhibited growth of step on (1

–
01) face. A single large peptide 

aggregate near the center of the image provides a point of reference. The continuous fi lm of 
peptides on this face transiently pin sub-segments of the oncoming step at many sites along 
the step front. Frame interval 8.4 s. Note the sudden extension of the step towards the refer-
ence cluster in (h), followed by inhibition of the same step region in (i). This behavior of slight 
acceleration as steps approach clusters was often observed on both faces. Reproduced with 
permission. [  31  ]  Copyright 2010, National Academy of Science.   
an approaching step arrives at a peptide binding site, if the 
peptide is well-bound, it can block solute access to kinks; but 
if it is weakly adhered, as the peptide bonds to the crystal fl uc-
tuate, step-propagation can proceed past the site. Thus, whether 
a peptide impedes step motion depends on the characteristic 
timescale  t  available to relax into the well-bound state. 

 The time window for peptide binding is the terrace expo-
sure time  T , which is given by  L/v  where  L  is the distance 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
between steps. Analysis of the step speed 
data on the  (1̄01)    face shows that the charac-
teristic time  t  for (DDDS) 6 DDD adsorption 
is  ≈ 40 s and, at the higher values of   σ   used 
in these experiments,  T  <  <  t . [  34  ,  42  ]  However, 
because  L  and  v  decrease and increase with 
supersaturation, respectively, upon reduc-
tion of   σ  ,  T  rapidly increases. When suf-
fi ciently low   σ   is reached, the coverage of 
well-bound peptides is then large enough 
to appreciably slow the steps. As they slow, 
 T  increases further resulting in yet higher 
peptide coverage, which again reduces  v , 
raising the peptide coverage yet again, and 
so on. Because of this positive feedback, step 
speed exhibits the characteristic feature of a 
mathematical “catastrophe”, [  43  ]  i.e., there is a 
point at which  v  spontaneously jumps from 
a fi nite value to zero and does not exhibit 
intermediate values. In contrast, when the 
crystal is fi rst exposed to peptides at a value 
of   σ   below the jump, step speed is near zero 
( T >  > t ) and peptide adsorption proceeds 
unperturbed until equilibrium coverage of 
well-bound peptides is reached. Even as   σ   
increases, they present a large barrier to 
desorption that steps cannot overcome. As a 
consequence, the dynamic relation between 
timescales is lost and  v  follows a trajectory 
well-predicted by the classic pinning model 
described for citrate inhibition of COM [  35  ]   in 
the absence of time dependent adsorption . 

 Thus the slow, multi-state binding of pep-
tides to the  (1̄01)    face breaks the symmetry 
in the step kinetics: Upon decrease of   σ   from 
high levels, weakly-bound peptides are dis-
placed by rapidly advancing steps, but upon 
increase from equilibrium, they present 
nearly-permanent adsorbates, the symmetry 
is broken and the step exhibits two distinct 
states — uninhibited growth or arrested 
growth. Because the surface peptide coverage 
will increase with solution peptide concentra-
tion, the supersaturation at which the jump 
between states occurs should also increase, 
as is observed experimentally. The red and 
blue curves in Figure  9 E give the predic-
tions of this model for a two-state adsorption 
mechanism in which peptides fi rst adsorb in 
a weakly bound state and then relax to a well-
bound state. These fi ndings demonstrate how 
the inherent ability of in situ AFM to probe system dynamics 
enables an understanding of the complex nature of protein-
mineral interactions.   

 4. Measuring Biomolecular Interactions 

 Ultimately, the ability of substrates or soluble biomolecules to 
alter pathways of protein assembly or biomineralization, the 
inheim Adv. Funct. Mater. 2013, 23, 2525–2538



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

FEA
TU

R
E A

R
TIC

LE

     Figure  11 .     Model fi ts to the nonlinear force spectra of intermolecular 
bonds. Force spectra of 10 data sets taken from the literature are fi t to 
N-bond analogue of  Equation 3  assuming a generic equilibrium force 
and apparent transition state distance. Data are exploded along the 
loading rate axis for clarity. Inset: The same data plotted in the natural 
coordinates show that all spectra collapse onto a single line. Bond and 
reference legend are as follows: green open circles, A β  - 40/A β -40; blue 
open boxes, peptide/steel; blue x’s, integrin/fi bronectin; solid orange 
triangles, lysozyme/anti-lysozyme; solid red triangles, LFA1/ICAM1; 
solid black diamonds, Si 3 N  4  /Mica in ethanol; open red diamonds, Dig/
Anti-Dig; solid blue circles, N,C,Npincer/pyridine; solid green squares, 
actomyosin/ADP, open black diamonds biotin/avidin. Reproduced with 
permission. [  52  ]  Copyright 2012, National Academy of Science.   
kinetics of nucleation and growth, or the fi nal morphology of 
the products, depends on the strength of protein-protein and 
protein-surface interactions. Dynamic force spectroscopy (DFS), 
which measures the force required to pull an AFM tip off of a 
surface as a function of pulling rate, has provided researchers 
the ability to characterize the microscopic basis of inter- and 
intra-molecular bonding. [  44–46  ]  The technique is rooted in the 
early works of Eyring [  45  ,  47  ]  and Zhurkov [  48  ]  where the failure 
times of stressed materials were explained through Arrhenius-
like models of thermal activation over energy barriers. This 
microscopic view was scaled down further by Bell, [  49  ]  and later 
Evans [  50  ]  to analyze the failure of single-molecule bonds under 
stress. Evans and co-workers performed a thorough analysis of 
bond breaking dynamics that included model potentials and 
bonding scenarios, [  44  ,  51  ]  and found that the typical rupture force 
of a single bond varies as the logarithm of the loading rate,  f   ≈  ln 
 r , when it is driven far from equilibrium, where  r   =   df / dt  is the 
rate of increasing force with time. This model has served as a 
foundation for the modern analysis of force spectroscopy exper-
iments, in which the data, arranged as a plot of the rupture 
force vs log-loading rate (the force spectrum) are expected to 
form a straight line, at least for irreversible rupture of a single 
bond over a single energy barrier. The slope of the line provides 
information about the characteristics of the bond. 

 Recently, Friddle et al. [  52  ]  showed that force spectroscopy car-
ried out over a suffi ciently wide range of pulling rates naturally 
explores both this far-from-equilibrium regime as well as a 
near-equilibrium regime and that the measured rupture force 
exhibits a characteristic non-linear dependence on log-pulling 
rate across the two regimes. For a single bond, they found that 
the spectrum of rupture forces is given by

 
〈 f 〉 ∼= feq + fβe

1
R(eq ) E1

(
1

R( feq )

)
R( feq ) = r

ku( feq ) fβ   
(3)

   

where  f   β    =   k  b  T / x t   is the thermal force scale, and 
 E1(z) = ∫ ∞

z
e−s

s ds    is the exponential integral and

 feq =
√

2kc�Gbu   (4)   

defi nes the equilibrium force for the bond/transducer system, 
where  k c   is the cantilever force constant and   Δ G  bu  is the free 
energy of binding. For multiple bonds, the dependence follows 
a qualitatively similar trend, though the details of  <  f  >  and  f  eq  
differ. [  52  ]   Figure    11   shows this characteristic dependence for the 
ten different molecular bonds and the inset shows that, in the 
natural variables of the system, all force spectra fall on a uni-
versal curve. Hence, by collecting bond rupture force data over 
a suffi ciently wide range of pulling rates, the equilibrium prop-
erty of binding free energy can be extracted.  

 To perform DFS measurements, the AFM tip is functional-
ized with one of the two molecules of interest and the other 
is immobilized on a surface. To carry out true single molecule 
binding experiments, the coverage on the AFM tip to be suf-
fi ciently low that most measurements give no result so that 
those that do are likely to represent single molecule bonds. 
Alternatively, high coverage can be used and multi-bond spectra 
collected. Although absolute values of the binding free energy 
cannot be extracted from such data without knowing the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2525–2538
number of bonds N, relative values for multiple surfaces can 
still be obtained, because small differences from tip to tip have 
a negligible effect on the accuracy of the measurement when N 
is large. 

 The chemistry used to functionalize tips and surfaces 
depends on the system of interest, however a typical approach 
used for peptide and protein functionalization developed by 
Friddle et al. [  53  ]  is as follows. Bare Si 3 N 4  AFM tips are cleaned 
under UV/ozone for 10 min, then immersed in acetone for 
30 min, rinsed in ethanol, then dried under a nitrogen stream. 
Cleaned tips are coated with 4 nm Cr followed by 40 nm Au 
by thermal evaporation. These probes are then immersed for 
30 min in a DMF solution containing 0.2 mM of the heterobi-
functional cross-linker LC-SPDP (Thermo Scientifi c) consisting 
of a pyridyl disulfi de, which adsorbs to Au, and an N-hydroxy-
succinimide (NHS) ester that reacts with the N-terminal amine 
or lysine residues of the peptide to form an amide bond. After 
rinsing in DMF, followed by ethanol, the tips are immersed in 
0.2 mM peptide in phosphate buffered saline (PBS) overnight. 
Functionalized tips are rinsed in pure water prior to use. 

 If this approach is used to understand the role of protein-
surface interactions in controlling the phenomenon of biomin-
eralization, the most obvious confi guration has the tip func-
tionalized with the protein or a peptide fragment of that protein 
and the functionalized tip is interacted with a mineral surface. 
For a peptide chain, with presumably a single linkage to the 
tip, one cannot enact any level of control over conformation. 
However, a natural consequence of the molecular scale of the 
2535wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  12 .     Determination of free energy of binding of the C-terminal sequence of amelogenin 
adsorbed to the (100) Face of HAP. a) The experimental set up involves linking the peptide 
to a gold-coated AFM cantilever by way of a bi-functional linker. The tip is placed directly on 
the (100) face of individual HAP crystals which were visible under bright fi eld optics. The inset 
shows a typical AFM scan of an HAP crystal used to characterize the surface before force meas-
urements (scale bar 4  μ m). b) Representative force-distance curves for each level of function-
alization (Au coating, LC-SPDP linker, and peptide) at approximately equivalent loading rates 
(4.7, 3.6, and 5.3 nN s  − 1  repectively). The hatched region indicates the work,  W , measured upon 
moving the cantilever tip from the surface to the minimum of the pulling potential. c) Means 
(solid squares) and corresponding histograms (solid bars) of work measured from repeated 
force-distance trajectories for a peptide-functionalized tip (spring constant 93 pN nm  − 1 ) from 
the (100) face of HAP. Solid curve is a fi t to a two-state theoretical model given in the online 
Supporting Information of ref.  [53]  The mean work tends asymptotically to a fi nite value given 
by the free energy difference (dashed line) of  Δ  G  B   =   − 27.6 kcal mol  − 1 . The normalized histo-
grams for increasing loading rate (0.93, 5.25, 29.5, 165.9, and 933 nN s  − 1 ) are offset for clarity 
using identical ranges along the two axes. Reproduced with permission. [  53  ]    
system is that the peptide conformation fl uctuates in between 
each force measurement simply due to Brownian motion, 
the same phenomenon responsible for ensuring that the data 
follow the predicted trend with loading rate. The dead time 
between each approach/retract cycle of force measurements 
is typically between about 1 to 20 s, depending on retraction 
speed. This includes the time the tip was pulled off the surface, 
retracted to the starting position, and then moved back to the 
surface to make contact for another measurement. This time 
span in which the peptide was out of contact with the crystal 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
surface was long compared to the timescale 
of peptide conformational fl uctuations, or 
even full conformational relaxation, which 
is often reported to be between nano- to 
milli-seconds. Thus averaging the work of 
adhesion over 40 − 100 repeated measure-
ments at each site, provided an average over 
all of the explored conformations. In addi-
tion, a custom routine was used to randomly 
walk the AFM tip around the crystal surface 
between force measurements to account 
for surface inhomogeneities. Therefore the 
measurements approximated the ensemble 
average adhesion energy over peptide con-
formations that are accessible while linked to 
the tip, as well as over the various adhesion 
sites and geometries of the crystal. 

 Friddle et al. [  53  ]  used this approach to 
investigate the binding of the protein amelo-
genin to surfaces of single crystal calcium 
phosphate in the form of hydroxyapatite. This 
interaction is signifi cant because amelogenin 
comprises the organic matrix that serves as a 
sacrifi cial scaffold for the formation of tooth 
enamel, which in turn is composed of a car-
bonated hydroxyapatite and is the hardest 
material in the human body. [  54  ]  To carry out 
the measurements, the rupture force between 
(100) faces of HAP crystals and tips func-
tionalized with the 13-mer c-terminal pep-
tide of amelogenin, which is believed to be 
the segment of the protein that binds to and 
modifi es HAP growth, [  55  ]  ( Figure    12  A) were 
obtained under a calcium phosphate solu-
tion at approximately equilibrium saturation 
with respect to the HAP crystal. To account 
for any surface heterogeneity, a custom rou-
tine was used to randomly sample points on 
the surface to give a representative average. 
A constant approach velocity of 200 nm s  − 1  
was used for every pulling velocity studied. 
A 2–3 nm defl ection trigger was used to con-
tact the surface and dwell for 1 second before 
pulling away.  

 Figure  12 B shows representative force-
distance trajectories for each level of chem-
ical functionalization. Between 40 and 
100 individual force-distance curves were 
collected and analyzed for pulling rate. The force-distance 
curves can be converted directly into the work  W  associated 
with breaking the Amel-HAP bond by integrating over the 
shaded area in Figure  12 B. Because the bond rupture pro-
cess is time-dependent, this work is greater than the equilib-
rium free energy of binding   Δ G  B  by an amount of dissipated 
heat, which decreases with decreasing loading rate  dF / dt . As 
 dF / dt  approaches zero, the rate of bond breaking approaches 
its equilibrium value and the work done on the system should 
approach   Δ G B  . Figure  12 C shows the mean work  < W >  vs. 
inheim Adv. Funct. Mater. 2013, 23, 2525–2538
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     Figure  13 .     a) Initial Orientations of the 12-mer on the Calcium-termi-
nated (100)-1 HAP surface. Calcium ions are depicted in blue (ball), 
hydroxide ions in red and white (CPK), and phosphates in red/orange 
(tube). The 12-mer backbone is depicted in rainbow as a tube, with blue 
representing the N-terminus (P-1) and red representing the C-terminus 
(D-12); selected nonpolar hydrogens are hidden from view. Five carboxy-
late moieties of the 12-mer account for the strong ionic attraction to the 
Ca 2 +  -terminated surfaces. Other (100) surface terminations 2, 3, 4A, and 
4B, and an alternate (001) termination 2 are indicated. The hydroxides in 
the HAP lattice are emphasized as CPK to highlight the random orienta-
tions of the hydroxide columns. Insets: The solvated systems under peri-
odic boundary conditions are shown, with water molecules represented 
as transparent isosurfaces. b) Adsorption free energy PMFs from ABF 
simulations for 12-mer/HAP Systems. Potentials are derived from sev-
eral independent 500 ps simulations in which the center of the biasing 
potential of the 12-mer was “pulled” along the  z -axis, normal to the HAP 
surfaces. The 12-mer binds more favorably to the various terminations of 
the (100) surface than to the (001) surfaces. Solid lines: (100)-1 (green), 
(100)-2 (red), (100)-3 (blue), (100)-4A (gold), (100)-4B (purple). Dashed 
line: (001)-1 (black); dot-dashed line: (001)-2 (black). Reproduced with 
permission. [  53  ]    
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 dF/dt  and the corresponding normalized frequency histograms 
for each loading rate. As expected,  < W >  falls with decreasing 
loading rate and extrapolates to a fi nite value at  dF/dt   =  0. 
The solid curve in Figure  12 C is a fi t to the data according 
to the model of Friddle et al. [  53  ]  used in Figure  11 . The fi t to 
the data is excellent, and the asymptote gives  Δ  G B    =   − 27.6  ±  
1.5 kcal mol  − 1 . Data for a second peptide-functionalized tip 
yielded  Δ  G B    =   − 29.5  ±  1.3 kcal mol  − 1 , giving an average value of 
 <  Δ  G  B   >    =  −28.6  ±  1.4 kcal mol  − 1 . 

 The strong binding of this amelogenin peptide to the (100) 
face might provide an understanding of the extreme elonga-
tion of HAP crystals found in enamel as compared to geologic 
specimens. [  56  ]  However, this conclusion depends on knowledge 
of the relative binding strengths to these two faces. Unfortu-
nately, the (001) face of the HAP crystals was too small to allow 
for physical mounting and alignment for a DFS measurement. 
Consequently, the result of the measurement on the (100) face 
was used to calibrate molecular dynamics (MD) calculations of 
amelogenin peptide binding to the HAP (100) face. [  53  ]  The MD 
analogue to a DFS experiment is called the potential of mean 
force (PMF). To obtain the PDF, the molecule is slowly pulled 
off and away from the surface and the required force is calcu-
lated ( Figure    13  ). While DFS data could only be collected from 
the (100) face, PDF profi les could, of course, be obtained for 
any face. When the simulated value for the (100) face is cali-
brated using the experimentally determined value, the binding 
free energy to the (001) face is calculated to be lower by about 
8.8 kcal mol  − 1 . Thus the results show that, indeed the binding 
free energy for the 12-residue amelogenin peptide to the (100) 
face far exceeds that to the (001) face and provides a possible 
rationale for the extreme aspect ratio observed tooth enamel.    

 5. Conclusion 

 The examples presented above demonstrate the deep level of 
understanding that can be obtained by applying in situ AFM 
imaging and force spectroscopy to biomolecular and biomineral 
systems. However, to date the processes and systems amenable 
to this method have been limited by two constraints. The fi rst 
is speed. In conventional force microscopes, image collection 
times in non-contact mode are of order 10 2  s due to the low 
resonance frequency in water. In the past few years, we have 
seen the advent of high-speed AFM, for which scan speeds are 
100–1000 times faster. [  57  ]  This capability will enable investigation 
of important processes in biomolecular and biomineral systems, 
such as conformational changes and protein folding events that 
occur too rapidly for conventional AFMs to resolve. Second, 
imaging of structures and processes on soft surfaces, such as 
cell membranes, has not been possible because the large ampli-
tude of the cantilever’s Brownian vibrations in fl uid require 
use of large drive amplitudes in order to obtain a signal that is 
above the noise. [  58  ]  This large drive amplitude leads to unaccep-
table deformation of the material. For example, in the case of a 
cell membrane the deformation is so large that only the under-
lying cytoskeleton is resolved. New developments underway that 
remove the fl uid-induced vibrations promise to deliver a molec-
ular-scale view of these important and challenging systems.  
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