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Abstract

Bone is a hierarchically structured composite material whose basic building block is the 

mineralized collagen fibril, where the collagen is the scaffold into which the hydroxyapatite (HA) 

crystals nucleate and grow. Understanding the mechanisms of hydroxyapatite formation inside the 

collagen is key to unravelling osteogenesis. In this work, we employed a biomimetic in vitro 
mineralization system to investigate the role of the amorphous precursor calcium phosphate phase 

in the mineralization of collagen. We observed that the rate of collagen mineralization is highly 

dependent on the concentration of polyaspartic acid, an inhibitor of hydroxyapatite nucleation and 

inducer of intrafibrillar mineralization. The lower the concentration of the polymer, the faster the 

mineralization and crystallization. Addition of the non-collagenous protein C-DMP1, a nucleator 

of hydroxyapatite, substantially accelerates mineral infiltration as well as HA nucleation. We have 

also demonstrated that Cu ions interfere with the mineralization process first by inhibiting the 

entry of the calcium phosphate into the collagen, and secondly by stabilizing the ACP, such that it 

does not convert into HA. Interestingly, under these conditions mineralization happens 

preferentially in the overlap regions of the collagen fibril. Our results show that the interactions 

between the amorphous precursor phase and the collagen fibril play an important role in the 

control over mineralization.

1. Introduction

Bone is a hierarchically structured composite material whose basic building block is the 

mineralized collagen fibril, where the collagen is the scaffold into which the hydroxyapatite 

(HA) crystals nucleate and grow.1, 2 The triple-helical collagen molecules are packed in a 

quasi-hexagonal manner and are axially organized into parallel arrays, with their ends 

separated by a 40 nm gap and neighbouring molecules staggered by 67 nm.3–5 The fibril, 
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thus, has a periodic cross-striated structure where a densely packed 27 nm-long region - the 

overlap zone - alternates with the less dense 40 nm-long gap zone.

Understanding the mechanisms of HA nucleation and growth inside the collagen lies at the 

core of unravelling bone formation, and therefore has been widely investigated, both in in 
vivo and in vitro systems. Early studies on bone formation have been able to establish the 

spatial and crystallographic relationship between collagen and the mineral. Conventional 

transmission electron microscopy (TEM) studies, combined with X-ray and electron 

diffraction have shown that the HA crystals nucleate and grow within 40 nm gaps present in 

the collagen fibril, and have their c-axis aligned parallel to the long axis of collagen.1, 2, 6–11 

The collagen fibrils, however, cannot induce HA mineralization on their own, and require 

acidic non-collagenous proteins (NCPs) to promote HA formation.

One of the major issues in bone formation has been to characterize the pathways through 

which the calcium and phosphate ions are translocated to the mineral deposition site within 

the collagen. Two main modes have been proposed: 1) the crystals are actively nucleated 

from solution by the NCPs associated to the collagen gap zones, without intervention of 

cellular processes;2, 12 and 2) matrix vesicles that bud from the plasma membrane 

accumulate ions extracellularly through their molecular composition.13, 14 Recent research 

has demonstrated that osteoblasts concentrate within intracellular vesicles calcium 

phosphate in a non-crystalline, disordered phase, composed of amorphous calcium 

phosphate (ACP).15, 16 This precursor phase is then delivered to the collagen at the bone 

growth front, infiltrates into the fibrils, and then crystallizes into HA. Although the presence 

of an amorphous precursor to HA in bone mineralization has only been recently identified, 

this strategy has been well known for several years, in particular in calcium carbonate-based 

biomineralization in invertebrates. In these organisms, amorphous calcium carbonate forms 

the first mineral deposits that subsequently transforms either into calcite or aragonite.17–20 

The importance of using amorphous phases as precursors is that these materials are isotropic 

and easily moldable, and thus allow the overcoming of directional restrictions of crystals 

when building mineralized structures.21 Moreover, this strategy allows the transport of large 

enough quantities of the mineral to the growth front that are necessary to build mineralized 

structures.

One issue, however, that has been overlooked is whether the amorphous precursor can play 

an active role in helping to direct the mineralization process itself by interacting with the 

pre-formed organic matrix template. In in vitro studies on collagen mineralization, we have 

demonstrated that the charge interaction between the collagen and the ACP drives the entry 

of the mineral into the fibril. Subsequently, the charged residues of collagen form nucleation 

sites that mediate the transformation of ACP into oriented HA.22 Thus, parameters such as 

net charge, particle size and chemistry of the ACP particles are important in mediating the 

interaction with collagen and hence the mineralization process.

Here, we employed cryo-transmission electron microscopy (cryoTEM) and cryo-electron 

tomography (cryoET) to further investigate the role of the ACP in the mineralization of 

collagen. We employed a biomimetic mineralization system, where the NCPs were replaced 

by polyaspartic acid (pAsp), which inhibits HA formation in solution and stabilizes the 
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ACP, directing it into the collagen.23, 24 In the first step of the work, we investigated the 

influence of the concentration of pAsp on the mineralization. Furthermore, we accidentally 

found that Cu ions derived from Cu cryoTEM grids inhibit HA formation, stabilizing the 

ACP for long periods of time. We then studied how the mineralization of collagen 

proceeded under these conditions, both in presence of pAsp and the C-terminal fragment of 

the NCP dentin matrix protein 1 (C-DMP1), which is known to induce HA nucleation.25–27 

We show that the stabilization of the ACP phase here realized both by different 

concentrations of pAsp and by the presence of Cu ions is an important aspect in controlling 

mineralization.

2. Experimental

2.1 CryoTEM and cryoET

Sample vitrification was performed using an automated vitrification robot (FEI Vitrobot™ 

Mark III) for plunging in liquid ethane.28 CryoTEM Au or Cu grids, R2/2 Quantifoil Jena 

grids (Quantifoil Micro Tools GmbH) were surface plasma treated for 40 seconds using a 

Cressington 208 carbon coater prior to use. For 2D imaging and tomography, samples were 

studied on the TU/e CryoTitan (FEI, www.cryotem.nl), equipped with a with a field 

emission gun (FEG) operating at 300 kV and a post column Gatan Energy Filter (GIF). 

Images were recorded using a post-GIF 2k × 2k Gatan CCD camera. Low-dose selected area 

electron diffraction (LDSAED) and energy-dispersive X-ray analysis (EDX) were 

performed on a FEI Tecnai 20 (Type Sphera) equipped with a LaB6 filament operating at 

200 kV and a Gatan cryo holder operating at −170 °C was used. The images were recorded 

using a 1k × 1k Gatan CCD camera and Cryo-EDX spectra were recorded on an EDAX 

detector in cryo-STEM mode, spot size 3.

The alignment and 3-dimensional reconstructions of the data sets were performed in IMOD 

or Inspect3D v.3.0 (FEI Company). For the segmentation and visualization of the 3D 

volume, Amira 4.1.0 (Mercury Computer Systems) was used. Image analysis was done in 

Gatan Digital Micrograph and NIH ImageJ.

2.2 Assembly of collagen on TEM grids

Type I collagen extract from horse tendon was kindly provided by Dr. Giuseppe Falini 

(Department of Chemistry, University of Bologna, Italy) and prepared as described 

elsewhere.29 Briefly, 1 g of the extract was mixed overnight with 10 ml of aqueous acetic 

acid (50 mM, pH 2.5), centrifuged at 5000 rpm for 10 minutes and the supernatant was 

collected and stored at 4° C. At pH 2.5 the collagen fibrils are disassembled and remain in 

solution.

CryoTEM grids were laid on a 15 μl drop of collagen solution for 10 seconds. The excess of 

collagen solution was manually blotted and the grids were transferred to a 15 μl drop of 

Hepes buffer (10 mM, pH 7.4) containing NaCl (150 mM), for 30 minutes.30 The increase in 

pH to physiological levels triggers collagen assembly into fibrils and its subsequent 

precipitation.29, 31 This procedure was performed inside a glove box,28 where temperature 

and humidity are controlled at 22 ° C and 100 % relative humidity. The grids were then 

transferred to the mineralization solution (see below).
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2.3 Mineralization experiments

Collagen mineralization in presence of polyaspartic acid (pAsp) was achieved by incubating 

the collagen-adsorbed cryoTEM grids in Hepes buffer (10 mH, pH 7.4, Sigma) containing 

CaCl2 (2.7 mM, Merck), K2HPO4 (1.35 mM, Merck) and polyaspartic acid (10 μg/ml, 

molecular weight 2000-11000 Da, Sigma) at 37 °C, as described elsewhere.22, 24

Collagen mineralization in presence of C-DMP1 was achieved by incubating collagen-

adsorbed cryoTEM grids in Hepes buffer (10 mM, pH 7.4, Sigma) containing CaCl2 (2.7 

mM, Merck), K2HPO4 (1.35 mM, Merck) and C-DMP1 (15 μg/ml, see below) + 

polyaspartic acid (1.5 μg/ml – 10 μg/ml, molecular weight 2000-11000 Da, Sigma) at 37 °C. 

In the control experiments collagen was mineralized without any additives.

After mineralization, grids were washed with MilliQ water for 10 minutes. The excess water 

was removed by manual blotting and the grids were transferred to the automated vitrification 

robot. Air dried samples were prepared by washing the grids in MilliQ water for 10 minutes; 

manual blotting with filter paper to remove the excess of water; dehydrating the samples in 

100 % ethanol for 5 minutes and air drying.

2.4 Staining of collagen with uranyl acetate

Staining of collagen with uranyl acetate was performed on some samples immediately 

before vitrification of the grids in liquid ethane, following the procedure described by Traub 

et al.10, with modifications. After removal of the samples from the mineralization solution 

and subsequent washing with MilliQ water, the grids were incubated in 0.5 % uranyl acetate 

in MilliQ water for 15 seconds, then washed with MilliQ water for 1 minute, manually 

blotted and transferred to the automated vitrification robot.

3. Results

In order to investigate the role of the amorphous phase in the mineralization of collagen, we 

first investigated the effect of pAsp concentration on the infiltration of ACP into the fibrils 

and its subsequent transformation into oriented hydroxyapatite (HA) crystals. When pAsp 

was present at a concentration of 1.5 μg/ml in the mineralization solution, the collagen 

fibrils were completely impregnated with amorphous calcium phosphate (ACP) after 24 h of 

reaction (figure 1A). At this stage, the ACP had already started to convert into oriented HA 

crystals, as shown by the presence of needle-like, dense objects within the amorphous phase 

(figure 1A, arrows), as reported.22 Higher concentrations of pAsp resulted in considerably 

slower mineralization rates. Between 3 and 10 μg/ml we could only observe aggregates of 

ACP infiltrating into the collagen through the region at the border between the gap and 

overlap regions (figure 1B–D).22 These results show that by increasing the amount of pAsp 

in the solution and hence making the ACP phase more stable, the rate of infiltration of the 

ACP into the collagen significantly slows down. At a concentration of 10 μg/ml of pAsp, 72 

h were necessary for the complete mineralization of collagen with HA crystals (figure 2). In 

this case, infiltration of the fibril with ACP occurred within 24–48 h (figures 2A and B), 

followed by the crystallization of ACP into HA (figure 2C). Interestingly, ACP and oriented 

HA crystals were found only on well organized regions of the collagen (figure 2D, black 

circle area). On poorly organized areas, very little mineral was present, consisting mostly of 
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few HA crystals randomly oriented (figure 2D, white circle area and white dashed circle). 

These observations suggest a role for the collagen not only in directing the infiltration of the 

mineral phase, but also in templating the orientation and growth of the HA crystals. In 

addition, with the progression of the mineralization, the collagen fibrils expanded in the 

direction perpendicular to their long axis, becoming deformed by the developing mineral 

(figure 2E). The cross-sectional area of the fibril at the point with the least amount of 

mineral (dashed-line 1) increased from 53000 nm2 to 102000 nm2 at the point with the 

highest mineral content (dashed-line 2). Although in both cases the collagen contained a 

mixture of ACP and HA, the expansion of the fibril is proportional to the amount of calcium 

phosphate that is inside. Therefore, it is likely that it was the infiltration of the ACP into the 

collagen that caused the fibril to expand, rather than the transformation of ACP into HA. 

Regarding the presence of HA crystals randomly oriented on poorly ordered regions of 

collagen (figure 2D), we must point out that these images are 2-dimensional projections of a 

3-dimensional object. Therefore, we cannot distinguish whether the crystals are actually 

present inside or on the surface of the collagen.

All the above experiments were performed with collagen absorbed on TEM grids that were 

made of Au. We accidentally found that when grids made of Cu were used instead, the 

mineralization of collagen changed drastically. Using 10 μg/ml of pAsp, after 24 h of 

reaction there was substantially less ACP aggregates infiltrating the collagen when 

compared to experiments performed on Au grids (figure 3A). After 48 h, most of the mineral 

was associated to the overlap region (figure 3B), becoming denser after 72 h but still with no 

signs of crystallinity (figures 3C and D). Cryo-energy dispersive X-ray spectroscopy 

(cryoEDX) confirmed that the precipitates found on the collagen were indeed composed of 

calcium phosphate (figure 3E). Our results indicate that Cu ions were being released from 

the grid into the solution, and were interfering with the crystallization process. Indeed, using 

atomic absorption spectroscopy, we found that after 72 h of reaction Cu ions were present in 

the solution at a concentration of 5 μg/ml, and after 1 week their concentration increased to 

11 μg/ml.

In order to verify whether ACP was still entering the collagen or was accumulating only on 

the surface of the fibril, we performed cryo-electron tomography (cryoET)32 on samples that 

were mineralized for 48 h (figure 4). Indeed, cryoET showed the presence of mineral 

particles inside the collagen, although in smaller amounts than found when Au grids were 

used (figure 2). In fact, while in experiments performed without Cu (i. e. on Au grids) the 

ACP phase was found as a continuous matrix permeating the collagen, in the presence of Cu 

the calcium phosphate was found as discrete particles with a broad size distribution, ranging 

from 10 to 60 nm in size. Further analysis of the reconstruction data confirmed that most of 

the mineral particles were found indeed in the overlap region, while the gap zone was the 

least mineralized area (figures 4B–D).

In the next step, we combined chemical staining with cryoTEM22 to map if the infiltration of 

the ACP into the fibrils occurs through the same mechanism when Cu grids are used as 

compared to experiments done with Au grids. Uranyl acetate is a staining agent that binds to 

the charged amino acids of collagen, increasing the local mass density, thus generating a 

pattern of bands that mark the location of clusters of positively and negatively charged 
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amino acids.33, 34 This staining has been widely used to visualize collagen in conventional 

(reviewed in33) and in cryo-TEM,10, 22 and the resulting staining pattern can be directly 

correlated to the amino acid sequence of collagen and to the crystal structure. When the 

mineralization of collagen was performed on Au grids, we observed the infiltration of the 

mineral into the fibrils through the a-band region, as previously reported (figure 5A and B, 

black arrows).22 This region corresponds to the C-terminal end of the collagen molecules, 

and it has been described as being highly positively charged and thus the most favourable 

for the negatively charged pAsp-mineral complex to interact with. When the experiments 

were performed on Cu grids, we still observed the ACP associated with the same areas of 

the collagen, namely the a-band region (figure 5C, black arrows). Analysis of the mass-

density profile of the non-mineralized (figure 5D) and mineralized on Au and Cu grids 

(figures 5E and F, respectively) confirmed the location of the mineral phase on the collagen. 

The peaks corresponding to the a-bands significantly increased in intensity in both cases 

when compared to the non-mineralized collagen. The peaks corresponding to the other 

staining bands, on the other hand, did not change, suggesting little or no interaction between 

the ACP and the other regions of the collagen fibril, even in the presence of Cu ions.

We investigated the stability of the amorphous phase by letting the mineralization reaction 

proceed for 4 weeks (figure 6A and B). At this stage, the collagen fibrils were completely 

calcified, with mineral present both inside and on the surface of the collagen. However, even 

after such long incubation time the mineral phase consisted predominantly of ACP, as 

shown by LDSAED (figure 6A, inset). The amorphous phase did not convert into HA even 

when the samples were air-dried (figure 6B, inset). We performed control experiments 

where no additives were present in the mineralization solution. After 72 h, we observed the 

precipitation of few HA crystals in the solution and on the surface of the collagen (not 

shown). When incubated for 1 week and air dried, the samples contained large amounts of 

HA crystals, covering the whole surface of the collagen fibrils and of the carbon support 

film on the cryoTEM grid (figure 6C). In this case, LDSAED demonstrated that the mineral 

is composed of HA, as shown by the (002) and (211) reflections. Interestingly, when pAsp 

was present but collagen was absent, we could also obtain HA on air-dried samples (figure 

6D).

With the aim of understanding how the Cu ions could be influencing mineralization, we 

performed experiments in the presence of the C-terminal fragment of the dentin matrix 

protein 1 (C-DMP1). This protein is an acidic non-collagenous protein that is expressed 

during the initial stages of bone and dentin mineralization.25, 26 In vitro studies have shown 

that in the presence of collagen, it promoted HA nucleation on the surface of the fibrils.27 

Moreover, the C-terminal fragment of this protein was identified as the domain containing 

HA nucleation sites. Furthermore, C-DMP1 was demonstrated to induce the biomimetic 

mineralization of collagen when used in combination with pAsp.22 Thus, we decided to 

investigate whether this protein could induce the formation of HA crystals inside the 

collagen also in the presence of Cu ions. In control experiments performed on Au grids, C-

DMP1 was used at a concentration of 15 μg/ml and in the absence of 5 pAsp. Under these 

conditions, we observed that after 24 h this protein induced the formation HA crystals 

mainly on the surface of the collagen fibrils (figure 7A). When C-DMP1 was used in 

combination with 10 μg/ml of pAsp, also on Au grids, the collagen fibrils were mineralized 

Nudelman et al. Page 6

Faraday Discuss. Author manuscript; available in PMC 2014 November 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



with oriented HA crystals, formed through an ACP precursor, as described (figure 7B). 

Interestingly, when the experiments were performed on Cu grids, C-DMP1 lost its ability to 

nucleate HA. In the absence of pAsp, globular structures consisting of calcium phosphate 

formed on the surface of the collagen (figure 7C, black arrows). Although LDSAED still 

needs to be performed, it is very lilely that these structures were composed of ACP. When 

used in combination with pAsp on Cu grids, the fibrils were mineralized with ACP that 

formed predominantly on the overlap region, in a similar way as when pAsp was used alone 

(figure 7D). However, the presence of C-DMP1 significantly accelerated mineralization, 

such that after 24 h the fibrils contained large amounts of ACP when compared to 

mineralization with only pAsp. These results indicate that the Cu ions are interacting with 

the protein and changing its activity. Further studies need to be conducted to clarify the 

effect on the Cu ions on the protein.

4. Discussion

4.1 Effect of the concentration of pAsp

We have shown that the rate of collagen mineralization is highly dependent on the 

concentration of the HA nucleation inhibitor, namely pAsp. At low concentration of pAsp 

(1.5 μg/ml, figure 1A), the infiltration of the calcium phosphate into the collagen and its 

subsequent transformation into HA happens within 24 h. At higher concentration of pAsp 

(above 3 μg/ml, figures 1B–D), this process is substantially slowed down. Interestingly, 

when pAsp at higher concentrations is combined with C-DMP1, an HA nucleator, the 

mineralization of collagen is substantially accelerated, reaching the same rate as with pAsp 

at low concentration. Considering that the main function of pAsp is to transiently stabilize 

ACP and allow it to enter the collagen,24, 35 these results suggest that there must be a 

balance between the stabilization of ACP in solution and the promotion of HA nucleation. 

Interestingly, we observed that the size of the ACP aggregates infiltrating into the collagen 

increased at higher concentrations of pAsp (figures 1B–D). Previously, we have observed 

that pAsp at 10 μg/ml stabilizes the formation of loosely packed assemblies of calcium 

phosphate complexes36 that are 1 nm in size.22 These assemblies further aggregate, forming 

larger and denser structures that are similar to the ones observed entering the collagen fibril 

(figure 1D). It is likely that the size and the stability of these aggregates of calcium 

phosphate particles are dependent on the concentration of pAsp. At lower concentrations of 

pAsp, these aggregates will tend to be smaller and less stable, while at higher concentrations 

they will grow larger in size and become more stable. We note, however, that at higher 

concentration of pAsp (10 μg/ml) the calcium phosphate precipitates from the solution 

within 24 h, while infiltration of the ACP into the collagen is still ongoing and takes 24 – 48 

h. Thus, the speed of the mineralization reaction is not dependent on the stabilization of the 

calcium phosphate into the solution, but on aggregate size. It is possible that at 1.5 μg/ml of 

pAsp, the assemblies of calcium phosphate complexes will be small enough to quickly 

diffuse through the collagen fibril, while at higher concentrations of the polymer (above 3 

μg/ml), the diffusion of the particles will take substantially longer and thus the 

mineralization will be slower.
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4.2 The role of the 3-dimensional structure of collagen in controlling mineralization

It is noteworthy that intrafibrillar mineralization occurred only when the collagen fibril was 

well organized, and not when it was poorly ordered (figure 2D). This result is significant 

since it highlights that the 3-dimensional structure of collagen is essential for its function in 

controlling mineralization. Since the fibril is composed of individual collagen molecules 

organized in a parallel, staggered array, this organization results in the proper alignment of 

the positively charged amino acids of neighbouring molecules into domains that in turn are 

able to interact with the ACP and mediate its infiltration into the fibril. Furthermore, the 

lateral and axial organizations of the collagen molecules also creates HA nucleation sites by 

organizing the charged amino acids of adjacent molecules into a 3-dimensional structural 

template that induces oriented HA nucleation.37–39 Thus, on disorganized regions of the 

fibril such structural template is absent and diffusion of ACP into the collagen and its 

transformation into oriented HA crystals cannot occur. These findings bear important 

consequences for studies that use single collagen molecules to investigate mineralization.38

4.3 Expansion of collagen during mineralization

The expansion of the fibril during mineralization shows that, contrary to what has been 

previously assumed, availability of space does not limit crystal growth. The liquid-

crystalline nature of collagen allows enough flexibility so that the molecules can be pushed 

aside during mineralization.6 In addition, during HA formation the intermolecular spacing 

between the collagen molecules in fact decreases, leading to regions with a close-packed 

arrangement of molecules.6 Moreover, it must be considered 1) that the increase in the 

cross-sectional area of the collagen is proportional to the amount of mineral inside the fibril; 

and 2) that mineralization starts with filling the intermolecular spaces with ACP. It is likely, 

then, that it was during the infiltration stage that the molecules were pushed aside and the 

fibril expanded. We further propose that the crystallization of ACP into HA will cause the 

shrinkage of the fibrils due to extrusion of water and the decrease of the intermolecular 

spacing, as observed in the turkey tendon.6

4.4 The effect of Cu ions on collagen mineralization

We have also demonstrated that Cu ions interfere with the mineralization process first by 

inhibiting the entry of the calcium phosphate into the collagen, and second by stabilizing the 

ACP, such that it does not convert into HA. Interestingly, HA crystals still form either in the 

absence of additives, or in the presence of pAsp but without the collagen fibril. In other 

words, the Cu ions are preventing crystal formation inside the collagen, but not in solution. 

Although Cu ions are known to inhibit the transformation of ACP into HA40, our 

observations mean that stabilization of the ACP by the Cu in our experiments occurs not 

only by the direct interaction of the ion with the calcium phosphate. Cu must be also 

complexing with the pAsp, the C-DMP1, and possibly with the collagen as well, and 

therefore affecting their function, both in mediating the infiltration of the ACP into collagen 

and subsequent HA nucleation.

At present, we do not have further information on the possible mechanism through which Cu 

ions interfere with the mineralization process. Regarding the infiltration of the ACP into the 

collagen, we speculate that Cu may associate to the sites in the collagen through which the 
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calcium phosphate goes in, and therefore slowing the diffusion of the ACP into the fibril. 

Alternatively, it is also possible that in the presence of Cu, larger complexes of ACP are 

formed in solution which cannot easily diffuse into the collagen.41 Nevertheless, the mineral 

infiltration site remains the same, namely the C-terminal end of the collagen molecule. It is 

interesting to note that when the mineralization experiments were performed employing both 

pAsp and C-DMP1, mineral infiltration into the collagen was significantly faster (figure 

7D), either in the presence of Cu ions (using Cu grids) or in their absence (using Au grids). 

The fast infiltration of ACP into the collagen, without nucleation of HA, means that one of 

the functions of C-DMP1 is to help drive the ACP into the fibril. More experiments on the 

activity of the C-DMP1 need to be performed to understand its precise mechanism of action 

during collagen mineralization.

Considering the inhibition of the transformation of ACP into HA inside the collagen, we 

hypothesize that the Cu ions may bind to the nucleation sites in the collagen,37, 39 thus 

inhibiting their activity. Interestingly, in the presence of Cu ions the C-DMP1 also lost the 

ability to nucleate HA, leading to the formation of globular mineral structures instead, which 

are likely composed of ACP (figure 7C). Furthermore, Cu ions may also induce protein 

aggregation, which could explain the formation of globular mineral structures of calcium 

phosphate and C-DMP1.

It is interesting to note that when Cu ions are present, the ACP accumulates inside the 

collagen mainly in the overlap region of the fibril, both induced by pAsp alone (figures 3 

and 4) and by pAsp combined with C-DMP1 (figure 7D). In situ TEM observations of HA 

formation on the mineralizing turkey tendon have demonstrated that it is the gap region of 

collagen the site where the HA crystals nucleate and grow.2, 8 More specifically, the region 

in the gap zone that corresponds to the e-band of uranyl acetate staining, has been implicated 

as the site where the HA crystals nucleate and grows.10 In this respect, we also note that also 

the biomimetic mineralization system that we employ lacks this specificity, since HA 

crystals form everywhere within a 67 nm repeat. Although collagen has nucleation sites both 

in the gap and overlap regions,37, 39 it is possible that part of the function of the NCPs is to 

target HA formation to specific sites. It must be pointed out, however, that there are studies 

that described HA nucleation and growth occurring concomitantly in the gap and overlap 

regions in the mineralizing turkey tendon,6, 42–44 which is in line with our observations.

4.5 Outlook

The present work raises several questions on the possible interactions between the ACP and 

the collagen. Nevertheless, our results show that the interactions between the amorphous 

precursor phase and the collagen fibril play an important role in the control over 

mineralization. Further experiments need to be conducted to fully understand the importance 

of the particle size and stability of the ACP for its infiltration into the collagen. In addition, 

the stabilization of ACP by Cu ions is also an interesting topic that demands further research 

to unravel how this ion interacts with the collagen fibrils, the pAsp and the C-DMP1, and 

thus affecting the mineralization process. Understanding these mechanisms can lead to 

further insights on the role of the amorphous precursor phase on collagen mineralization and 

hence on bone formation.
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Fig. 1. 
CryoTEM images of collagen mineralized with calcium phosphate for 24 h in presence of 

different concentrations of pAsp, on cryoTEM grids made of Au. A. 1.5 μg/ml of pAsp. 

White arrows: apatite crystals nucleating and growing within the amorphous calcium 

phosphate phase. B. 3 μg/ml of pAsp. C. 6 μg/ml of pAsp. D. 10 μg/ml of pAsp. White 

arrows: amorphous calcium phosphate particles infiltrating into the collagen. Panel D was 

adapted from Nudelman, F. et al.,22 Nature Mater., 2010, 9, 1004–1009. Reprinted with 

permission from Macmillan Publishers Ltd. Nature Materials, www.nature.com/nmat, 

Copyright 2010.
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Fig. 2. 
CryoTEM images of collagen at different stages of mineralization in presence of 10 μg/ml of 

pAsp, on cryoTEM grids made of Au. A. Mineralization for 24 h. B. Mineralization for 48 

h. C. Mineralization for 72 h. D. Collagen fibril containing two regions, one well organized 

(black circle area) and one poorly organized (black circle area). The well organized area is 

partially mineralized with amorphous calcium phosphate and apatite, while the poorly 

organized one contains only few, randomly oriented apatite crystals (white dashed circle). 

Dashed black circle: 10 nm gold marker. E. A partially mineralized collagen fibril, where 

deformation caused by the presence of the mineral can be observed. Dashed-lines: Region 

with least (dashed-line 1) and most amount of mineral (dashed-line 2) from where the cross-

sectional area of the fibril was calculated. Panel E was adapted from Nudelman, F. et al.,22 

Nature Mater., 2010, 9, 1004–1009. Reprinted with permission from Macmillan Publishers 

Ltd. Nature Materials, www.nature.com/nmat, Copyright 2010.
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Fig. 3. 
CryoTEM images of collagen at different stages of mineralization in presence of 10 μg/ml of 

pAsp, on cryoTEM grids made of Cu. A. Mineralization for 24 h. White circle: amorphous 

calcium phosphate particles associated to the collagen. B. Mineralization for 48 h. White 

circle: amorphous calcium phosphate particles associated to the overlap region of collagen. 

Black circle: 10 nm gold markers. C. Mineralization for 72 h. White circle: amorphous 

calcium phosphate particles associated to the overlap region of collagen. D. Low-dose 

selected-area electron diffraction of C, showing that the mineral is still amorphous. E. Cryo-

energy dispersive X-ray spectroscopy (cryoEDX) measurement of C, confirming that the 

precipitates are indeed composed of calcium phosphate.
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Fig. 4. 
Cryo-electron tomography of a collagen fibril mineralized for 48 h in the presence of 10 

μg/ml of pAsp, on a Cu grid. A. Two-dimensional cryoTEM image. B. Slice from a section 

of the reconstructed 3-dimensional volume, showing calcium phosphate particles inside the 

collagen (white circles). C. Computer-generated 3-dimensional visualization of the 

reconstruction, where the collagen fibril is depicted in white and the calcium phosphate 

precipitates in red. Inset: only half of the collagen fibril is shown, revealing the calcium 

phosphate precipitates inside the fibril, predominantly in the overlap region. D. Graph 

showing the distribution of calcium phosphate within a 67 nm repeat.
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Fig. 5. 
Uranyl acetate map of collagen during the early stages of mineralization. A. Non-

mineralized collagen. White circle: 10 nm gold marker. B. Collagen mineralized for 24 h in 

presence of 10 μg/ml of pAsp, on Au grids. C. Collagen mineralized for 24 h in presence of 

10 μg/ml of pAsp, on Cu grids. White circle: 10 nm gold marker. D. Intensity profile of A, 

non-mineralized collagen. Dashed line: border between gap and overlap regions (C-

terminus). E. Intensity profile of B, collagen mineralized for 24 h on Au grids. Dashed line: 

border between gap and overlap regions (C-terminus). F. Intensity profile of C, collagen 

mineralized for 24 h on Cu grids. Dashed line: border between gap and overlap regions (C-

terminus). Panels A and D were adapted from Nudelman, F. et al.,22 Nature Mater., 2010, 9, 

1004–1009. Reprinted with permission from Macmillan Publishers Ltd. Nature Materials, 

www.nature.com/nmat, Copyright 2010.
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Fig. 6. 
A. CryoTEM image of collagen mineralized for 4 weeks in presence of 10 μg/ml of pAsp on 

Cu grids. The calcium phosphate is still amorphous, as shown by the LDSAED (inset). B. 

TEM image of dried collagen mineralized for 4 weeks in presence of 10 μg/ml of pAsp on 

Cu grids. Even after freeze-drying, the mineral shows no signs if crystallinity, as shown by 

the LDSAED (inset). C. TEM image of dried collagen mineralized for 2 weeks without 

additives, on a Cu grid. The surface of the collagen and of the carbon support film on the 

grid are completely covered with apatite crystals. Inset: LDSAED, showing the (002) and 

(211) reflections of apatite. D. TEM image of dried HA crystals precipitated in presence of 

10 μg/ml of pAsp on a Cu grid after 2 weeks of reaction, without collagen. Inset: LDSAED, 

showing the (002) and (211) reflections of apatite.
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Fig. 7. 
CryoTEM images of collagen mineralized in presence of 15 μg/ml of C-DMP1 on Au and 

Cu grids. A. Collagen mineralized for 24 h in presence of 15 μg/ml of C-DMP1 on Au grids. 

Black circle: 10 nm gold markers. B. Collagen mineralized for 24 h in presence of 15 μg/ml 

of C-DMP1 and 10 μg/ml of pAsp on Au grids. Black circle: 10 nm gold markers. C. 

Collagen mineralized for 24 h in presence of 15 μg/ml of C-DMP1 on Cu grids. Black 

arrows: globular structures of calcium phosphate on the surface of collagen. Black circle: 10 

nm gold markers. D. Collagen mineralized for 24 h in presence of 15 μg/ml of C-DMP1 and 

10 μg/ml of pAsp on Cu grids. Black circle: 10 nm gold markers.
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