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Extracellular Matrix Control of Collagen Mineralization

In Vitro

Alexander J. Lausch, Bryan D. Quan, Jason W. Miklas, and Eli D. Sone*

Collagen biomineralization is a complex process and the controlling factors
at the molecular level are still not well understood. A particularly high level
of spatial control over collagen mineralization is evident in the anchorage

of teeth to the jawbone by the periodontal ligament. Here, unmineralized
ligament collagen fibrils become mineralized at an extremely sharp miner-
alization front in the root of the tooth. A model of collagen biomineralization
based on demineralized cryosections of mouse molars in the bone socket is
presented. When exposed to metastable calcium and phosphate-containing
solutions, mineral re-deposits selectively into the natively mineralized tissues
with high fidelity, demonstrating that the extracellular matrix retains sufficient
information to control the rate of mineralization at the tissue level. While
solutions of simulated bodily fluid produce amorphous calcium phosphate
within the tissue section, a more highly supersaturated solution stabilized
with polyaspartic acid produces oriented, crystalline calcium phosphate with
diffraction patterns consistent with hydroxyapatite. The model thus replicates
both spatial control of mineral deposition, as well as the matrix-mineral rela-
tionships of natively mineralized collagen fibrils, and can be used to elucidate
roles of specific biomolecules in the highly controlled process of collagen
biomineralization. This knowledge will be critical in the design of collagen-
based scaffolds for tissue engineering of hard-soft tissue interfaces.

(NCPs),®l can affect many aspects of HA
nucleation and growth, the precise mecha-
nistic details of collagen mineralization
have not yet been satisfactorily resolved.
Fundamental questions remain, including
the question of what controls whether or
not collagen in different tissues is min-
eralized. Understanding the molecular
factors that control collagen mineraliza-
tion will be critical for the development
of collagen-based scaffolds for tissue engi-
neering of hard-soft interfaces, such as in
ligament and tendon attachment.
Biological collagen mineralization is
a dynamic process, involving a complex
interplay between cells, secreted mac-
romolecules, signalling molecules, and
enzymatic reactions.”] Given this com-
plexity, several model systems have been
developed with which to study the role of
collagen itself and various extracellular
matrix macromolecules in the mineraliza-
tion process. The evidence these models
provide, however, is sometimes contra-
dictory. For example, in an in vitro aga-
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1. Introduction

The mineralized collagen fibril is a complex composite structure
that forms the basis of mineralized connective tissues, such as
bone, cementum, and dentin.l! The crystalline mineral phase
of mature tissues, hydroxyapatite (HA), is first found in the gap
zones of the collagen fibril,[>3! with the c-axis of the HA crystals
parallel to the long axis of the collagen fibril.**! The intricate
organization of these inorganic and organic components, and
the complex interactions between them, are critical to the prop-
erties of such mineralized connective tissues.[’! Although it is
widely accepted that extracellular matrix macromolecules,”) and
particularly acidic, phosphorylated non-collagenous proteins
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rose gel model, one phosphorylated NCP

(dentin phosphophoryn, DPP), showed
promotion of HA formation at low concentrations, but inhi-
bition at high concentrations.l”) Furthermore, DPP has been
shown to promote HA formation when immobilized to col-
lagen,l'®!1 but inhibits its formation in solution.®1? To better
understand the factors affecting mineralization, collagen-based
models that replicate the native environment are needed.

A critical measure of the success of a model of collagen min-
eralization is its ability to replicate the process of mineraliza-
tion, as well as the composite structure of the naturally mineral-
ized collagen fibril, with respect to mineral phase, morphology,
alignment, and spatial distribution. A recent breakthrough in
this regard was achieved by Gower and co-workers, who miner-
alized reconstituted type-I collagen scaffolds using a supersatu-
rated calcium and phosphate-containing solution stabilized by
polyaspartic acid (polyAsp).l'3l This system not only resulted in
oriented HA crystals within collagen fibrils, but mineralization
proceeded through an initial amorphous calcium phosphate
(ACP) precursor, for which there is growing in vivo evidence.['¥
Although the precise role of polyAsp is still the subject of
debate, it and other stabilizing macromolecules have since
been used to mineralize reconstituted collagen fibrils directly
on transmission electron microscopy (TEM) grids(">17! as well
as in demineralized tissues.'®1°] Wang et al. recently showed
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that it is possible to achieve oriented HA in a
dense collagen scaffold without soluble addi-
tives, also through an amorphous precursor,
albeit using a mineralizing solution with very
high supersaturation.?”! Despite these signif-
icant advancements, a limitation of many of
these models is the use of reconstituted col-
lagen as the mineralization substrate, which
lacks natural fibrillar packing and cross-
linking seen in native tissues, along with
collagen-bound macromolecules.

Several natural tissues have been used as
substrates for in vitro collagen mineralization
models, including turkey leg tendon,[®21 rat
tail tendon,! demineralized bone,[1:22-24]
and periodontal ligament.?’! These models,
however, do not offer a direct comparison
between unmineralized and mineralized tis-
sues. In the periodontium, the set of connec-
tive tissues involved in anchoring the tooth
root to the jawbone, the juxtaposition of min-
eralized and non-mineralized collagenous
tissues presents an excellent model with
which to study molecular factors control-
ling collagen mineralization. In particular,
the attachment of the periodontal ligament
(PDL) to the root involves a highly controlled
process in which bundles of ligament fibrils
become embedded in the outer mineral-
ized layer of the tooth root (cementum) at
an extremely well-defined mineralization
front.2®l We present here a model of col-
lagen biomineralization based on deminer-
alized tissue sections of mouse molars. By
exposing these sections to metastable miner-
alizing solutions, we demonstrate that the extracellular matrix
in the demineralized section retains sufficient information to
direct preferential remineralization of the natively mineralized
tissues.

2. Results

To examine the role of the extracellular matrix (containing both
collagen and fixed non-collagenous proteins) in the control of
mineralization in the periodontium, we exposed demineralized
periodontal tissue sections from mouse molars to metastable
calcium and phosphate-containing solutions. Figure 1a shows
5 um thick cryosections that were remineralized for one day in
modified simulated body fluid (m-SBF),*’! following deminer-
alization in ethylenediaminetetraacetic acid (EDTA) (Figure 1b),
and stained with Alizarin Red. Only the tissue section itself is
mineralized; no mineral was seen on the glass slide, and no
precipitate was observed in the solution. Selective reminerali-
zation within the section is characterized by preferential min-
eralization of hard connective tissues (dentin and bone), while
the soft periodontal ligament (PDL), remains largely unminer-
alized at this time point. We note that at longer mineralization
time points the PDL does begin to mineralize (not shown), that
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Figure 1. Fixed, demineralized mouse molars in the supporting bone socket, remineralized
in m-SBF shown in a,b) light and c,d) electron microscopy. a) 5-um-thick section stained with
Alizarin Red after one day of mineralization. The asterisk indicates the glass slide. b) Control
section stained with Alizarin Red following two-step demineralization in EDTA. Pink colour is an
artifact due to slight collagen counter-staining. c) Ultrathin (210 nm) section remineralized in
m-SBF for 13 days imaged in TEM. Increased electron density is indicative of mineral content,
as the section is unstained. d) Control section following demineralization, in which no mineral
is apparent. The porous pattern visible is the lacey carbon support of the TEM grid. (D—dentin,
B-bone, C—cementum, CD—circumpulpal dentin, MD-mantle dentin, L-ligament).

control over mineralization is not absolute, but rather the rela-
tive rate of mineralization is different among the various tis-
sues. Dentin evidently mineralizes more rapidly than bone, as
it is more intensely stained. We focused on the PDL-cementum
junction in ultra-thin sections (Figure 1c), in which after
13 days in m-SBF, dentin and particularly cementum show
greater electron density indicative of mineral deposition, while
the PDL remains unmineralized. We note that the overall rate
of mineralization in thin sections was significantly slower
than for thick sections, as the mineralization solution was not
stirred. The interface between cementum and PDL is finely
controlled, with a very sharp mineralization front similar to the
native tissue.?®! Within the dentin, circumpulpal dentin and
mantle dentin can be distinguished, presumably due to dif-
ferences in collagen fibril orientation.?®! Figure 1d shows the
same tissue area in a control section, in which no evidence of
mineral was found in any tissue following two demineraliza-
tion steps. These results show that the extracellular matrix of
demineralized tissue can control the rate of mineral deposition
from a purely inorganic solution.

A detailed examination of remineralized dentin from
m-SBF solution (two days, Figure 2) revealed specific col-
lagen-mineral relationships. At intermediate magnification
(Figure 2a), the directionality of the collagen fibrils is clearly
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Figure 2. TEM images of mouse dentin after remineralization in m-SBF for 3 days. a) Orienta-
tion of collagen fibrils is readily apparent, as are individual collagen fibrils more electron dense
than the surrounding tissue. An asterisk indicates a dentin tubule. Note increased density of
mineral in some regions of peritubular dentin. b) Higher magnification showing globular min-
eral deposits (arrows) along collagen fibrils. Inset shows an electron diffraction pattern with

only a very diffuse ring, indicating that the mineral is amorphous.

evident, and individual collagen fibrils can be resolved as dark
lines suggesting that the fibrils themselves are mineralized.
We note that certain groups of fibrils are more heavily mineral-
ized than others, as are some regions of peritubular dentin. In
higher magnification images (Figure 2b), collagen fibrils are still
apparent (=80 nm in diameter), and the mineral morphology
can be seen to be globular, with clusters ranging in size from
5-10 nm, suggestive of an amorphous phase. Indeed, electron
diffraction (Figure 2b, inset) produced a single diffuse diffraction
ring. Radial integration (not shown) showed the diffuse ring to be
centered at a d-spacing of 3.18 A, which is close to values reported
for biological amorphous calcium phosphate (ACP).I'“l At longer
time points (13 days), the mineral was still amorphous, and was
found to have a Ca/P ratio 1.03 + 0.08 by energy dispersive X-ray
analysis (EDX). These results show that the mineral is ACP. We
note that the same phase was found in cementum and bone in
the remineralized sections. This ACP phase is apparently very
stable, and does not transform under the electron beam, or after
several months following removal of the sections from solution.
The presence of acidic polymers such as
polyaspartic acid (polyAsp) in the mineral-
izing solution, ostensibly as a substitute for
soluble non-collagenous proteins, has been
shown to produce intrafibrillar crystalline
mineral in other models of collagen mineral-
ization.['>101822] We therefore tested whether
the addition of polyAsp to m-SBF affects
the mineral phase formed in demineralized
periodontal tissues. Figure 3 shows sections
remineralized for 13 days in m-SBF with and
without polyAsp (125 um/mlL). The addition
of polyAsp slowed the rate of mineral deposi-
tion, but did not change the mineral phase.
Electron diffraction patterns still showed only
a diffuse ring, regardless of the presence of
polyAsp (Figure 3b inset). Interestingly, EDX
showed a significantly higher Ca/P ratio
(1.46 £ 0.09) for mineral formed from the
polyAsp-containing solution.
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Magnesium and carbonate ions, both of
which are present in significant concen-
trations in m-SBF, have both been shown
to inhibit ACP to HA transformations by
reducing ACP solubility.?>3% We there-
fore explored alternative mineralizing solu-
tions. Beniash and co-workers have shown
that high phosphate mineralizing solutions
(CaP1, Table 1), which are unstable on their
own, can be stabilized with the addition of
polyAsp and used to produce intrafibrillar
crystalline mineral in reconstituted collagen
fibrils.'"] Demineralized periodontal tissue
sections remineralized with CaP1 solutions
containing 62.5 pg/mL polyAsp also demon-
strated spatial selectivity in mineral deposi-
tion (Figure 4). As with m-SBF solutions, the
PDL initially remained unmineralized, at a
time point at which all natively mineralized
tissues remineralized. Circumpulpal dentin,
mantle dentin and cementum all appear to have similar min-
eral content at 2 h. Sharpey's fibres, collagen fibres that trav-
erse the PDL-cementum junction, become mineralized along
a sharp mineralization front, similar to native tissue. We note
that increasing the concentration of polyAsp slowed the overall
rate of mineralization, but had no other evident effect. In con-
trast with m-SBF-mineralized sections, electron diffraction
patterns of all three mineralized tissues, showed crystalline,
oriented diffraction patterns (Figure 5), very similar to what
is obtained from native mineralized connective tissues. Arcs
with a d-spacing of 3.52 A, consistent with the (002) plane of
hydroxyapatite (HA, JCPDS# 9-432), showed preferential orien-
tation along the long axis of the collagen fibrils. A more dif-
fuse ring, with a d-spacing of 2.87 A, corresponds to the closely
spaced (211), (112), and (300) planes. Ca/P ratios obtained by
EDX for dentin mineralized with CaP1 solutions for 8 h were
shown to be on average 1.40 + 0.03. This Ca/P ratio is lower
than typical for HA, and may be due to organic phosphate
in the tissue, or the presence of more than one phase. We

Figure 3. TEM images comparing remineralization, for 13d, using m-SBF a) without and b) with
polyaspartic acid (125 pug/mL). It is clear that polyAsp slows mineralization, however selectivity
is not affected. The arrows indicated the cementum-PDL junction. The inset of Figure 3b shows
electron diffraction from dentin remineralized with m-SBF containing 125 pug/mL polyAsp for
13 days, indicating the mineral remains amorphous. (D-dentin, B-bone, C—-cementum, CD—
circumpulpal dentin, MD-mantle dentin)
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Table 1. lon concentrations of mineralizing solutions in mm. CaP solutions are stabilized with 62.5-125 pg/mL polyAsp.

Solution [Na*] [K*] [Mg?] [Ca?"] [c] [HCO;7] [P]?) [SO] logSpa®
m-SBF [26] 142 5 1.5 2.5 103 10 1.0 0.5 9.9
CaP1 133 3.5 0 1.7 123 0 9.1 0 11.6
CaP2 104 0 0 9.1 110 0 1.7 0 133
CaP3 3 154 0 0 45 163 0 2.1 0 11.9

#)Total inorganic phosphate concentration; ®Log of supersaturation ratio (S) with respect to hydroxyapatite (S=IP/Ky, where IP is the ion activity). Calculations were per-

formed in Visual Minteq (KTH Royal Institute of Technology, Sweden).

note that in the absence of polyAsp, the CaP1 remineralizing
solution rapidly precipitates on its own, and control reminerali-
zation experiments in such solutions resulted in random distri-
bution of HA on the surface of the tissue section (not shown).
A detailed examination of the dentin remineralized in CaP1
solution with polyAsp reveals specific matrix-mineral relation-
ships. Figure 6 shows a section mineralized for 2 h, in which
individual collagen fibrils, somewhat more electron dense than
the interfibrillar space, are apparent. A faint banding pattern
of alternating dark and light bands can be seen in most of the
fibrils. The darker bands are presumably more electron dense
due to the presence of mineral, as the sections are unstained.
These bands occupy a length of 34 + 5 nm on average along
the long axis of the fibril, which is close to the collagen gap
region dimension of =40 nm. In some regions, the mineral
occupying the bands appears diffuse, without distinct fea-
tures, while in other regions distinct dark striations (7-9 nm
in width), aligned with the long axis of the collagen fibril, are
observed. Some of these striations, which we interpret as indi-
vidual crystallites or groups of crystals, are confined within a
single band (e.g., left selected area in Figure 6). In other cases

Figure 4. TEM image of tissue remineralized in CaP1 solution with
62.5 pug/mL polyAsp for 2 h. Dentin and cementum are mineralized,
whereas the PDL remains unmineralized. The sharp mineralization front,
at the cementum/PDL junction, is indicated by the arrow. (C—cementum,
CD-circumpulpal dentin, MD-mantle dentin])
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© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

they are longer (30-60 nm), and not restricted to a single band
(e.g., right enlargement in Figure 6). The more diffuse regions
may indicate the presence of ACP, or may be due to a dif-
ferent orientation of plate-shaped crystallites. In any case, the
pattern of mineralization, consisting of oriented crystallites,
sometimes with axial periodicity along the collagen fibrils, is
remarkably reminiscent of the pattern seen in early mineral-
izing bone (e.g., embryonic chick bonel!) and mineralizing
turkey tendon.!

We tested different variations on the CaP1 solution, all con-
taining 125 pg/mL polyAsp, (Table 1) to determine the factors
that govern the formation of ACP vs. HA in our model system.
A remineralizing solution with calcium and phosphate concen-
trations reversed relative to the original (CaP2) produced only
ACP (not shown). Likewise, solutions similar to those used
by Olszta et al.l'¥l (CaP3, which contains higher calcium con-
centration but similar supersaturation to CaP1), also produced
only ACP within the tissue sections (not shown). We note that
Olszta et al. did obtain crystalline mineral was with this solu-
tion using reconstituted collagen, albeit with a lower concen-
tration of polyAsp. Notably, in all these alternate solutions the
overall rate of mineralization was significantly slower than for
CaP1, even when the supersaturation with respect to HA was
the same or higher. Thus, in our model system, a mineralizing
solution containing high phosphate concentration was neces-
sary to produce HA.

3. Discussion

Using a tissue-based model of collagen mineralization, we
demonstrate that the fixed, demineralized extracellular matrix
(ECM) of mouse dental and periodontal tissues retains suf-
ficient molecular memory to direct selective remineralization
from metastable calcium and phosphate-containing solutions.
The natively mineralized tissues (dentin, cementum and bone)
remineralize preferentially over the periodontal ligament, with
high level of spatial control, similar to what is observed in vivo.
In remineralization solutions of m-SBF, the mineral formed
as globular particles of ACP associated with collagen fibrils.
In more highly supersaturated solutions (CaP1), stabilized by
polyAsp, c-axis oriented, crystalline HA was formed with axial
periodicity along collagen fibrils, similar to native mineralized
collagen. Together, these results suggest that while the ECM
alone can guide rate of mineralization in different tissues, the
presence of a soluble additive (polyAsp) was necessary to repli-
cate the HA-collagen composite structure in mineralized con-
nective tissues.
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Figure 5. TEM images show a) circumpulpal dentin, b) cementum, c) mantle dentin, and
d) bone remineralized in CaP1 solution (125ug/mL polyAsp) for 2 (a,c), 5 (d) and 11 (b) h.
Insets show diffraction patterns corresponding to oriented, crystalline mineral in all tissues.
The time point for each tissue was chosen based on the presence of sufficient mineral to pro-

duce a clear diffraction pattern.

While several researchers have examined in vitro mineraliza-
tion of tissues, our model is unique in that it contains the finely
juxtaposed hard and soft tissues of the periodontium. In prin-
ciple, this internal control can be used to investigate the molec-
ular factors that control mineralization of collagenous tissues,
both as part of the ECM and in solution. Differences in rates
of mineral deposition into the mineralized tissues themselves
may be instructive in this respect as well. By working with thin
cryo-sections, we minimize diffusion effects that may compli-
cate mineralization of bulk tissues, and maintain the tissue in
a hydrated state throughout the processing. Simultaneous fixa-
tion and demineralization of the tissue ensures a high degree
of preservation, retaining collagen structure and insoluble mac-
romolecular content.32 While we attempted to preserve the
native tissue structure insofar as possible, the processing steps
necessarily alter the tissue to some extent. Despite simulta-
neous fixation, the demineralization removes some soluble (i.e.,
non matrix-bound) and mineral bound proteins, for instance,
while fixation itself can alter protein conformation. Moreover,
the fixed tissue model ignores the complex and dynamic cel-
lular and enzymatic processes that occur during mineralization
in vivo. Nevertheless, it is remarkable that despite these limita-
tions, such a high level of spatial control over mineral deposi-
tion is maintained, even in simple inorganic solutions such as
m-SBF.

The ECM alone can control the rate of mineral deposition,
but in purely inorganic solutions (e.g., m-SBF), did not lead
to the formation of crystalline mineral. Only relatively highly

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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supersaturated solutions containing high
phosphate concentrations and incorporating
polyAsp, such as those prepared by Desh-
pande et al. (CaP1 solution),”! resulted in
the formation of apatitic mineral. The miner-
alization pattern from these solutions mimics
the early mineralization of collagen in con-
nective tissues both in crystal size and distri-
bution within collagen fibrils. Such solutions
were shown previously to form oriented HA
within reconstituted collagen through an
ACP intermediate, although lacking in axial
periodicity. Likewise, polyAsp-containing
solutions with similar supersaturation but
lower phosphate content have been used
to remineralize tissues,'®!l and reconsti-
tuted collagen!'*1%33 through an ACP to HA
transformation, and recent work has shown
that other stabilizing additives can produce
similar results.'®'7] In our model, only the
high phosphate solution led to crystalline
mineral. This solution also had the highest
rate of mineralization, which we suggest
leads to the formation of less stable ACP, and
which is therefore more readily converted to
HA. The dependence of the stability of ACP
on its rate of formation has been described
previously,** and was explained by increased
incorporation of foreign ions and smaller
cluster size for rapidly formed ACP, leading

Figure 6. TEM image of dentin remineralized in CaP1 solution
(125 ug/mL polyAsp) for 2 h. Individual collagen fibrils showing alter-
nating light and dark bands are visible. The bottom left image is an
enlargement of the selected area above. Dark striations, corresponding
to individual crystallites or groups, are visible. The small arrows on the
left side indicate areas in which these crystallites are restricted to the
dark bands of the fibril. The bottom right image is an enlargement of the
selected area above, showing a region in which the dark striations are not
restricted to a single band.

Adv. Funct. Mater. 2013, 23, 4906-4912
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to higher solubility. In a similar vein, Meyer and Eanes have
shown that lower Ca/P ratios in solution resulted in smaller
induction times of the crystalline transformation of ACP.1’!
The relatively low Ca/P ratio (1.40 £ 0.03) of the mineral formed
in the tissue sections is also consistent with the presence of
ACP, as is the presence of some diffuse mineral (Figure 6). We
note that the presence of octacalcium phosphate (OCP)!3%3¢
would also lower the Ca/P ratio. Although we cannot rule out
this possibility, we found no evidence of the larger, more well-
developed crystals typical of OCP.I3”] Taken together, these data
suggest that in our model, mineralization also follows an ACP
to HA transition, and that the rate of precipitation within the
tissue determines induction time for this transition.

We suggest that rate of ACP formation governs its stability in
our model system. A question remains, however, as to why the
high phosphate solution had the highest rate of mineralization,
especially since lower Ca/P ratios would normally be expected
to slow precipitation from solution.*8! Apparently, in our model,
the concentration of calcium ions has much less of an effect
than concentration of phosphate on the rate of tissue minerali-
zation. This suggests that the tissue is probably saturated with
respect to bound Ca?* in all solutions, and the amount of pol-
yAsp-bound or free Ca®* is less important for nucleation within
the section. Solutions with higher free phosphate concentra-
tions can thus produce greater local supersaturations in the
tissue, and thus a higher rate of heterogeneous nucleation. The
more rapidly formed ACP is less stable, and transforms to HA,
as discussed above. Although the phosphate concentration of
CaP1 is significantly higher than blood serum, the ionic com-
position at the mineralization front may be quite different from
the bulk bodily fluid, due to dynamic processes. It has been
recently suggested in this regard that enzymatic breakdown of
polyphosphates at the mineralization front produces high local
concentrations of inorganic phosphate, for instance.l*”]

Regardless of the mineral phase formed, in all solutions the
rate of mineralization was drastically different between miner-
alized and non-mineralized tissues, leading to a pattern of min-
eralization that mimics native periodontium. Furthermore, the
difference in mineralization rates was not exclusive to unmin-
eralized tissues. We observed preferential mineralization of
dentin and cementum over bone in all solutions, as well as pref-
erential mineralization of peritubular dentin over intertubular
dentin. While it is clear that the ECM is controlling the rate of
mineralization, it is intriguing to speculate about which specific
ECM macromolecules lead to these differences. Certainly col-
lagen type, post-translational modification, and cross-linking,
are known to be tissue specific,***!l and have been suggested to
affect its susceptibility to mineralization.*?! But differences in
the distribution of non-collagenous macromolecules are most
dramatic, particularly with respect to the acidic non-collagenous
proteins of mineralized tissues,® and well known differences
in proteoglycan content between mineralized and non-mineral-
ized tissues,*}l which may promote or inhibit mineralization in
these tissue types. Within the natively mineralized tissues, the
higher rate of mineralization of dentin as compared to bone is
consistent with the high amount of dentin sialoprotein (DSP,
thought to be a promoter) in dentin, and greater amounts of
osteopontin (OPN, thought to be an inhibitor) in bone.** Like-
wise peritubular dentin, which is preferentially mineralized in

Adv. Funct. Mater. 2013, 23, 4906-4912
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our model has a particularly high concentration of acidic non-
collagenous phosphoproteins.®! The case of cementum con-
founds the issue somewhat, as it mineralized preferentially to
dentin only in m-SBF, which indicates that there is some level
of rate-dependence due to soluble molecules—not solely ECM.
Nevertheless, the influence of the ECM is remarkable. Perhaps
the greatest strength of this model is that it can in principle be
used to probe the different factors involved in control of miner-
alization, both at the tissue level and at the fibrillar level, either
through changing solution composition or selective digestion
of certain ECM components.

4, Conclusions

Our tissue section-based model of collagen mineralization
shows that ECM macromolecules can control the rate of min-
eral deposition from metastable mineralizing solutions into
fixed, demineralized tissues, such that the native pattern of
mineralization is recreated with high fidelity. This control is not
specific to a particular mineralizing solution composition, and
does not require the addition of any organic component to the
solution. The ECM alone was not sufficient, however, to guide
mineral phase. Only solutions with relatively high phosphate
concentration, stabilized with polyAsp, produced crystalline,
oriented mineral within the mineralized tissues, mimicking the
mineral-matrix relationship of mineralized connective tissues.
This model can be employed to elucidate the roles of specific
macromolecules in inhibiting and/or promoting mineralization
in collagenous tissues.

5. Experimental Section

Unless otherwise noted, all reagents were obtained from Sigma-
Aldrich (Oakville, ON, Canada) and MilliQ-filtered water was used.
Animal protocols were approved by the Animal Care Committee
at the University of Toronto and conducted according to their
guidelines.

Tissue Processing: Five week old CD1 mice (Charles River, QC, Canada)
were sacrificed by cervical dislocation. Their mandibles were excised,
separated into hemimandibles and extraneous soft tissue was removed.
The clean hemimandibles were fixed in 0.8% paraformaldehyde (Electron
Microscopy Sciences, PA, USA) and 0.2% glutaraldehyde (Canemco,
QC, Canada) in Dubecco's PBS (Invitrogen, USA) at pH 7.4 for 24 h
(glutaraldehyde was not used in tissue preparation for thick sections).
The hemimandibles were demineralized in 0.2% paraformaldehyde,
0.05% glutaraldehyde and 9.5% EDTA for 7 days (pH 7.4) at 4 °C with
rocking. Demineralizing solution was changed daily.

Ultrathin Sectioning and Second Demineralization (for TEM): Following
demineralization, hemimandibles were infiltrated with several changes
of 2.3 m sucrose solution for cryoprotection and stored in fresh sucrose
at 4 °C. The tissue was trimmed to isolate the 3 molars in the bone
socket and frozen in sucrose on a mounting pin at =80 °C. First molars
were sectioned, through the transverse plane, on a Leica EM UC6-NT
ultracryomicrotome at —90 °C using a cryo-immuno diamond knife
(DIATOME, CH). 210-nm thin sections were transferred to 200 mesh,
lacy carbon supported, nickel grids (Electron Microscopy Sciences) and
floated on 2 changes of water to remove sucrose. The grids were then
floated on drops of 12.5% EDTA to ensure complete demineralization.
After 24 h the grids were floated on a stirred water bath for 30 min before
remineralization to remove residual EDTA, followed by two exchanges in
fresh water.
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Thick Sectioning and Second Demineralization (for LM): Fixed and
demineralized hemimandibles were embedded in Tissue-Tek OCT
(Sakura, Netherlands) and frozen in liquid nitrogen. 5-um-thick sections
were obtained on an American Optical Cryo-Cut microtome (American
Optical, USA) at —20 °C, placed on Superfrost Plus glass slides
(Fisher Scientific, USA), and stored at —20 °C. Before use, slides were
immersed in two exchanges of water for 2 min each to remove OCT,
and then placed in stirred 12.5% EDTA for 24 h to ensure complete
demineralization. EDTA was removed by immersion in 2 changes of
water for 15 min each.

Remineralization: Mineralizing solutions were prepared according to
specifications of Nakamural?® (for m-SBF) or Beniash and co-workers!']
(for CaP solutions). lonic compositions of all solutions used are given
in Table 1. In some cases, polyaspartic acid (polyAsp) sodium salt,
(MW 5-15 kDa, MP Biomedicals, France) was added to m-SBF and CaP
solutions at a concentration of 62.5-125 ug/mL.

For TEM, grids were floated on 1 mL of remineralizing solution
in an Eppendorf micro centrifuge tube held in a container at 100%
humidity and 37 °C. For each time point, grids were removed from
the mineralizing solution and washed in two changes of water, and
wicked dry. For light microscopy, slides were immersed in gently stirred
remineralizing solution within Coplin jars at 37 °C. Slides were removed
and washed in 2 changes of water for 5 min each.

Microscopy: Electron microscopy was conducted on unstained
ultrathin sections using a Technai 20 TEM (FEI, Hillsboro, OR) with
an AMT 1600 side mount camera and LaB6 filament at 200 kV. Energy
dispersive X-ray analysis was performed using an EDAX Phoenix system
(EDAX, Mahwah, NJ). Ca/P ratios are reported as averages +/- standard
deviation.

For light microscopy, thick sections were stained using 1% Alizarin
Red at pH 6.1 for 3.5 min. The slides were then differentiated for 30 s
in acidified ethanol (95%, 0.05 mL HCI) and dehydrated in 2 changes
of 100% ethanol. The sections were cleared in two changes of xylene
for 1 min each and mounted in Cytoseal XYL (Richard-Allan Scientific,
Kalamazoo, MI). Microscopy was performed on an Olympus BX51
microscope (Olympus, Toronto, ON) with an Infinity 1 camera
attachment (Lumenera, Ottawa, ON).
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