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Abstract

Mineralized collagen composites are of interest because they have the potential to provide a bone-
like scaffold that stimulates the natural processes of resorption and remodeling. Working toward
this goal, our group has previously shown that the nanostructure of bone can be reproduced using
a polymer-induced liquid-precursor (PILP) process, which enables intrafibrillar mineralization of
collagen with hydroxyapatite (HA) to be achieved. This prior work used polyaspartic acid (pASP),
a simple mimic for acidic non-collagenous proteins (NCPs), to generate nanodroplets/
nanoparticles of an amorphous mineral precursor which can infiltrate the interstices of type-I
collagen fibrils. In this study we show that osteopontin (OPN) can similarly serve as a process-
directing agent for the intrafibrillar mineralization of collagen, even though OPN is generally
considered a mineralization inhibitor. We also found that inclusion of OPN in the mineralization
process promotes the interaction of mouse marrow-derived osteoclasts with PILP-remineralized
bone that was previously demineralized, as measured by actin ring formation. While osteoclast
activation occurred when pASP was used as the process-directing agent, using OPN resulted in a
dramatic effect on osteoclast activation, presumably because of the inherent arginine-glycine-
aspartate acid (RGD) ligands of OPN. By capitalizing on the multifunctionality of OPN, these
studies may lead the way to producing biomimetic bone substitutes with the capability of
tailorable bioresorption rates.
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1. Introduction

Many researchers are investigating biodegradable polymeric and composite-based
biomaterials for potential use as bone grafts, where these synthetic materials are resorbed
either through hydrolytic or enzymatic mechanisms. Alternatively, designing biomaterials
using a biomimetic approach increases the potential for resorption through osteoclastic
resorption; that is, the natural process by which bone is removed by osteoclast cells during
remodeling. In this case, the entire bone does not degrade, but instead small canals are
resorbed through the bone by osteoclasts, followed closely by osteoblasts that deposit new
bone; thus the surrounding bone retains its structural and mechanical integrity throughout
the remodeling process. Therefore, for the long-term goal of preparing a bioresorbable load-
bearing bone substitute, it could be advantageous for the material to have a more bone-like
resorption response that parallels the natural remodeling process. Our approach towards this
goal is to emulate the natural processes involved in bone formation in order to develop nano-
structured hydroxyapatite (HA)/collagen composites with a bone-like architecture that can
serve as such bioresorbable materials.

In our previous work, we have used the polymer-induced liquid-precursor (PILP)
mineralization process to generate intrafibrillar mineralization of collagen. In this process,
negatively charged acidic polymers (considered simple mimics to the non-collagenous
proteins, or NCPs, associated with bone) are added to supersaturated salt solutions in order
to sequester ions or clusters that phase separate into droplets of an amorphous mineral
precursor that can infiltrate the interstices of the collagen fibrils, leading to a high degree of
intrafibrillar mineralization. In contrast, the conventional mineralization reaction without
polymer results in heterogeneous nucleation of spherulitic clusters of HA on the surface of
the collagen [1-10]. The HA crystals which form within the interior of the collagen fibrils in
the PILP process are even oriented in the same way as they are in biogenic bone, aligned
with their [001] direction parallel to the long axis of the collagen fibril, which is apparently
dictated by the collagen itself [2, 11-13]. This creates an interpenetrating nanostructure
which closely resembles that of bone. Using this process, we have been able to mineralize a
variety of collagen based scaffolds, including reconstituted type I collagen films prepared in-
house [10], or commercially prepared porous collagen scaffolds [2, 9], bovine and turkey
tendon [7], demineralized manatee [8] and bovine bone [14], as well are artificial dentin
lesions [15]. With the proper reaction conditions, a high degree of mineralization can be
achieved, with compositions matching bone (60 - 70 wt% mineral). Lausch et al. have
shown this process can be used to remineralize the collagen tissues connecting bones to
teeth, and with spatial control apparently dictated by other components retained in the native
tissues [13].

Our attention here now turns to whether or not a real non-collagenous protein, such as OPN,
can yield mineralization results similar to those achieved with polyaspartic acid (pASP). If
OPN can also induce a PILP type mineralization, it would support our hypothesis that this
may be one important role of the NCPs in bone mineralization. Given that OPN has a
domain with 8 to 10 consecutive aspartic acid residues, along with many phosphorylated
residues [16], and the acidic NCPs (such as OPN and Bone sialoprotein) tend to have a
flexible and intrinsically disordered structures (non-globular, without well-defined tertiary
structure) [17-20], it might be reasonable to expect similar ion interactions with these
polyanionic NCPs as seen with pASP. Furthering this possibility, other work has shown
OPN to form an amorphous hydrated calcium phosphate / phosphopeptide complex in
supersaturated solutions [21], which might be analogous to the PILP phase. This work
showed that the calcium phosphate (CaP) nanoclusters are comprised of a spherical core of
an amorphous hydrated CaP surrounded by a dense shell of sequestering phosphopeptide
[21].
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In addition to the putative role these NCPs play in the bone mineralization process, they can
also contribute to the mechanical properties [22-25], as well as cell signaling. Thus, if a
PILP type mineralization of collagen can be directed by OPN, the OPN will become
incorporated throughout the biomimetic bone substitute material, potentially providing
biomechanical linkages as well as cell attachment sites. Osteopontin is known to contain
RGD-sequences that serve as integrin ligands, and integrin signaling is vital for both
osteoclasts bone resorption and osteoblasts function.

From the biomaterials perspective, where such biomimetic HA/collagen composites might
be used as bone grafts, we are interested in determining if their bone-like nanostructure
might allow for osteoclast resorption for a natural remodeling process. Kikuchi et al. [26]
have shown that nanostructured collagen-hydroxyapatite composites (prepared by a non-
biomimetic method) can be resorbed by phagocytosis by osteoclast-like cells, so it was
anticipated that our biomimetic nanostructured composites should also be amenable to
osteoclast resorption.

Here, we report on two sets of experiments with the goals to 1) determine if OPN can act as
a process-directing agent to generate intrafibrillar mineralization of type-1 collagen
scaffolds; and 2) determine if incorporation of OPN into bone-like collagen scaffolds
influences osteoclast activation. For the second study, dense bone slices were demineralized
and then remineralized back with an OPN-mediated PILP process in order to prepare dense
solid substrates that allow osteoclasts to form a sealing zone, which can be readily tracked
with a fluorescent marker for determining if they have become activated. These studies
demonstrate that OPN can act as a PILP process-directing agent, and that incorporation of
the OPN into the matrix promotes osteoclast activation, in contrast to a matrix mineralized
by conventional mineralization processes. This may represent a step toward the goal of the
construction of fully biocompatible and bioresorbable load-bearing bone substitutes.

2. Materials and Methods
2.1 Bovine OPN Purification

Three hundred milligrams of a bovine milk-derived calcium salt osteopontin mix was
purified from bovine milk as previously described [21, 27]. To remove the calcium salt, the
peptide mixture was dissolved in 5 ml deionized (DI) water and placed in a dialysis tube
with a porosity of 10,000 molecular weight cut-off. The osteopontin solution was dialyzed
against 1 L of 1 mM NayH,EDTA and 1.5 mM NaN3 (sodium azide) at 4°C for 1 day. The
EDTA solution was then replaced by 1 L of DI water and dialysis was continued for 8 hours
at 4°C (3x). The remaining osteopontin was then collected, freeze-dried and stored at -20°C
until use. As described in detail elsewhere [21], the final mixture of peptides isolated
contains 10 wt% intact OPN (33.9 kDa) and 57 wt% OPN with a molecular weight of 19.8
kDa, attributed to extensive degradation by the main milk proteinase plasmin. The
remainder consists of smaller peptides.

2.2 Mineralization of Collagen Sponge

Commercially available collagen sponges (Ace Surgical Supply, Inc.) composed of
reconstituted bovine type-I collagen were used as substrates for the mineralization
experiments. The mineralization solution was prepared by mixing equal volumes of 9 mM
CaCly-2H,0 (Sigma, St. Louis, MO) and 4.2 mM K2HPO4 (Sigma, St. Louis, MO)
solutions, chosen based on the results of our prior studies. To maintain the pH of the
mineralization solution at 7.4, calcium and phosphate solutions were made in Tris-buffered
saline (TBS) containing 0.9% (w/v) NaCl and 0.02% (w/v) sodium azide (Sigma, St. Louis,
MO). OPN-mix was added at a concentration of 200-ug/ml to 20 ml of calcium solution
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before mixing an equal volume of the phosphate counterion solution. An additional control
group was made where the mineralization solution contained no polymeric additive. The
sponges were incubated in the mineralization solution under vacuum conditions for 30
minutes to remove any air bubbles trapped within the porous matrix. After degassing the
sample, the mineralization reaction was kept in a 37°C oven to emulate physiological
conditions. At 4 days, the mineralized samples were removed from the solution, copiously
washed with DI water, lyophilized and stored at —20°C until use.

2.3 Demineralization/Remineralization of Bone Specimens

Bovine bone slices approximately 100 pm thick were cut from the diaphysis of a bovine
femur using a wet saw. Specimens reserved as native bone controls were briefly rinsed with
DI water following sectioning. Other specimens were demineralized ina 0.5 M EDTA
solution (made in Tris buffered saline (TBS), pH adjusted to 8.0 with NaOH) for 3 days.
Specimens were then rinsed in DI water for 24 hours. Upon removal from the rinse,
specimens were either immediately remineralized or lyophilized and stored at —20 °C.

Demineralized bone specimens were remineralized with calcium phosphate solutions to
form HA as described above. Three groups of remineralized samples were made,
differentiated by the type of negatively-charged polymer used in the PILP process: i) no
polymer additive (conventional remineralization), ii) polyaspartic acid-sodium salt: M, of
27 kDa (Alamanda Polymers) at a concentration of 100 pg/mL, and iii) osteopontin at a
concentration of 100 pg/mL.

2.5 Wide Angle X-Ray Diffraction Analysis

Wide Angle X-Ray Diffraction (WAXD) was performed on unmineralized and mineralized
collagen scaffolds as well as on dehydrated native, demineralized, and remineralized bone
specimens to assess the phase of calcium phosphate present. A Philips XRD ADP 3720
diffractometer (40 kV, 20 mA) was used in this analysis, using a step size of 0.02° mrad/s
with a time per step of 0.5 s and a scan range 20 of 10°-70°.

2.6.Preparation of Osteoclasts and Osteoclast Activation Assay

Osteoclasts were differentiated from bone marrow cells harvested from Swiss-Webster mice
(8-20 g). Mice were sacrificed via cervical dislocation after which femora and tibiae were
aseptically dissected from adherent tissue. Proximal and distal ends of the bones were
removed and the marrow flushed from the intramedullary canal with aMEM media (10%
fetal bovine serum) using a 25 gauge needle. The marrow was rinsed twice with
aMEM-10% FBS and plated in 24-well culture dishes at a density of 10° nucleated cells/
cm? with 1 mL of aMEM-10% FBS per well. The culture media was also supplemented
with 10 nM 1,25-dihydroxyvitamin D3 (1,25 D3, Invitrogen). The cells were incubated at 37
°C in a humid environment of 5% CO?Z in air for 5 days. At day 3, half of the supplemented
media was exchanged. All procedures were approved by the University of Florida Animal
Care and Usage Committee.

Using a previously developed method [28], the murine osteoclasts were scraped from the
culture dishes after 5 days of culture and plated on the various bone specimens in triplicate
in 24- well culture dishes. The cells were plated at a density of 1 x 10 nucleated cells/cm?
in 1 mL of aMEM (10% FBS, 10 nM 1,25 D3) per well. After incubation for 48 hours, the
cells were fixed with 2% formaldehyde in PBS for 20 min, permeabilized with 1% Triton
X-100 for 10 min and rinsed with PBS. The cells/specimens were then incubated in 5 pg/mL
Texas Red-tagged phalloidin (Sigma Aldrich) for 10 minutes in PBS plus fetal bovine serum
to detect actin rings. The antibody used to stain the ruffled membrane green targets the E
subunit of vacuolar H*-ATPase (V-ATPase) enzyme, and was made in the lab, as described
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previously [29]. It was detected using FITC-tagged secondary antibody, using the polyclonal
anti E subunit antibody at a 1:500 dilution and the second antibody also diluted 1:500.

2.8 Scanning Electron Microscopy

Surfaces of scaffold and bone specimens were examined with scanning electron microscopy
(SEM) both pre- and post-culture. Specimens reserved for SEM examination pre-culture
were lyophilized after the mineralization procedure, attached to aluminum stubs with
double-sided copper tape, and subsequently sputter-coated with carbon. For the specimens
examined post-culture, cells were gently scraped off the surface, the specimens rinsed and
then dehydrated via graded ethanol baths. These specimens were then mounted on stubs as
previously described. A JEOL 6400 SEM instrument (operated at 15 kV) equipped with an
attached energy dispersive spectrometer (EDS) was used to take high magnification images.

3. Results

3.1 Mineralization of Collagen Sponges using OPN-mix as Process-Directing Agent

The OPN phosphopeptide mixture, hereafter referred to as OPN-mix, was found to be very
effective at mineralizing the collagen sponges, as shown in Figures 1 and 2. As can be seen
in the SEM micrographs in Figure 1, the collagen sponge, prior to mineralization, consists of
loosely packed fibrils that are relatively smooth in appearance (Fig. 1A). When the sponge is
mineralized via the conventional solution crystallization process (without polymer additive),
it simply leads to spherulitic clusters of hydroxyapatite on the surface of the substrate (Fig.
1B). The collagen fibrils are not readily discerned in this micrograph because they tend to
collapse into a smooth mat upon drying, possibly because of the lack of fixation prior to
dehydration. In contrast, when the collagen sponge is mineralized in the presence of OPN-
mix to induce the PILP process (Fig. 1C), the fibrils become infiltrated with mineral and do
not collapse, thereby highlighting the fibrillar texture. Notably, there are no spherulitic
mineral clusters on the surface, but EDS is useful for verifying that mineral is present (Fig.
1D). However, this is also evident from the appearance of the mineralized fibrils, which
typically are brighter and exhibit a rougher texture, and there are often lumps and bulges
where the mineral has unevenly infiltrated the fibrils. Because the fibrils are being examined
in SEM, they are dried under vacuum; therefore, the regions where water was displaced by
mineral remain extended upon drying, while any regions that are not filled with mineral
collapse upon drying, leading to bulges. The fibrils throughout the scaffold seemed well
extended, suggesting that they contain a high degree of mineral. The TEM micrographs in
Figures 1E and 1F confirm the presence of intrafibrillar mineral, where the selected area
electron diffraction (SAED) pattern is that of HA crystals aligned with the [001] direction
oriented parallel to the long axis of the fibril (inset in Fig. 1F). The high degree of mineral
content was further verified by X-ray diffraction (XRD) and thermogravimetric analysis
(TGA), as shown in Figure 2. The broad XRD peaks are expected for mineral that is
composed of small crystallites (Fig. 2A), which is typical of what we have observed in our
other studies of intrafibrillar mineral (using pASP) [2, 6-9], and is also the case for bone
[30]. The TGA curves show that in fact the fibrils are very well mineralized, containing 75
wit% mineral (Fig. 2B- top curve). The differential thermal analysis (DTA) curve shows a
peak at 330 °C (Fig. 2B- bottom curve). Collagen that is well mineralized displays such a
low temperature peak [6], as does bone and dentin [31, 32], while pure collagen without
mineral exhibits a high temperature peak at around 500 °C [31]. According to the literature,
exothermic peaks in the range of 260-360 °C correspond to collagen decomposition, while
exothermic peaks in the range of 450-550 °C correspond to collagen combustion. Our prior
work shows that the high temperature peak is reduced in the presence of intrafibrillar
mineral [8, 9], similarly to that seen in bone and dentin, which suggests that the intimate
association between mineral and collagen alters the decomposition products formed at the
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first transition to no longer contain thermally stable compounds (presumably doubly- or
triply-bonded compounds).

3.2 Demineralization and Remineralization of Bone

Bovine femur bone slices were demineralized through EDTA treatment, which has been
shown to retain the supramolecular arrangement of the collagen structure [33]. We then
remineralized the bone slices for 7 days using either pASP or OPN-mix as a process-
directing agent for comparison. After bone specimens were demineralized and then
remineralized, a few specimens from each group were reserved for SEM/EDS analysis.
Representative SEM micrographs are shown in Figure 3 along with their respective EDS
spectra. The micrograph of the native bone specimen presented in Figure 3A reveals the
underlying structure of the plexiform portion of the bovine bone (fibrolamellar units). A
typical micrograph of the demineralized bone is shown in Figure 3B. Here it is seen that the
underlying collagen organization of the bone is left intact, where the osteons, Haversian
canals, and lacunae are clearly seen. In addition, the EDS spectra for the demineralized
specimens confirm that there is no calcium and phosphorous present near the surface.

Micrographs of remineralized bone specimens using the PILP process induced with PASP or
OPN-mix are presented in Figures 3C and 3D, respectively. The same structure seen in the
native bone specimens is observed in these samples as well. The corresponding EDS spectra
show the presence of calcium and phosphorous in these specimens, indicating the presence
of calcium phosphate. This mineral is assumed to be predominantly intrafibrillar since the
SEM images do not show extrafibrillar mineral clusters. The surface appears more rough,
however, in the OPN-mix PILP-remineralized sample (Fig. 3D).

For comparison, Figures 4A-4E shows SEM/EDS analysis of demineralized bone
remineralized by the conventional crystallization process (no polymer additive). Here it can
be seen that it formed a thick mineral crust over the majority of the substrate (Fig. 4A) with
interdispersed regions where this crust is not present (Fig. 4B). At higher magnification of
the mineral crust (Fig. 4C), one can see the platy structure of the HA crystals, which is
typical of HA grown by the conventional crystallization process. This clearly leads to a very
different topology that could influence osteoclast interactions.

WAXD spectra of samples from each group are shown in Figure 5. Here the typical peaks
for HA at 26° and 32° are confirmed for the native bone sample. As expected, the
demineralized sample does not have these peaks related to HA, reinforcing the EDS spectra
in demonstrating no presence of the mineral component. These peaks at 26° and 32° begin to
show in the PILP- pASP sample whereas they are more prominent in the PILP sample
mineralized with OPN-mix acting as the process-directing agent. This enhanced signal may
be due to a small amount of mineral build-up on the surface, as seen by the roughness in
Figure 3D. Interestingly, the OPN-mix remineralized bone shows a strong peak at 26°,
which is barely visible in the XRD of the mineralized sponge (Fig. 2A), even though the
sponge was highly mineralized. This may be due to preferential orientation of those planes
in the bone specimen since it has a more directionally aligned collagen than the random
network of the sponge.

When porous collagen substrates are mineralized with the PILP process, it is visually
obvious when the collagen fibrils have become mineralized because they get thicker and
sometimes exhibit a rough surface texture from a thin coating of mineral, but with no
evidence of surface-bound spherulitic clusters. It is less clear when working with
demineralized bone scaffolds because the collagen is so densely packed. The EDS and XRD
indicate the presence of a large amount of mineral, and yet very little mineral is seen on the
surface of the fibrils because it is predominantly intrafibrillar. Although not studied here, we
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expect that the intrafibrillar mineral was [001] oriented, as was demonstrated by TEM in our
prior report where we remineralized manatee bone using similar conditions [8].

3.3 Osteoclast Activation

During the natural processes of osteoclastic resorption, the osteoclast adheres to the bone
surface and becomes polarized, forming a sealing zone (SZ), which is a ring of very tight
adhesion between the osteoclasts and the bone, which segregates an extracellular resorption
pit for containment of the harsh components secreted during the resorption process. The
actin ring is a microfilament-based structure composed of interconnected, dynamic units
called podosomes which are associated with the sealing zone. Bounded by the actin ring is a
specialized subdomain of the plasma membrane, the ruffled membrane or ruffled border,
which is rich in V-ATPase and facilitates bone degradation by pumping protons and
secreting proteases into the resorption compartment [34, 35]. Both of these can be monitored
in situ using fluorescent staining to determine if osteoclasts have become activated. Their
activity can be further verified by the presence of resorption pits which have a
morphological appearance that can be readily identified in scanning electron microscopy
(SEM).

Osteoclasts derived from murine bone marrow were cultured on native bone, demineralized
bone, and remineralized bone samples for 48-hours. Actin rings and ruffled borders were
observed on the control native bone samples as shown in Figure 6A and 6B. Very few actin
rings and ruffled borders were observed on the surfaces of the demineralized bone, with one
small one being seen in Figures 6C and 6D. The conventionally remineralized samples
(remineralized without polymer additive) also had relatively few actin rings, but they were a
little larger than the demineralized sample, as shown in Figure 6E and 6F. Stress-actin is
also observed in these samples whereas none is observed in the bone control group. When
looking at the PILP-remineralized samples using pASP, both actin rings and ruffled borders
were observed on the surfaces (Figure 6G and H), although the rings were fewer and smaller
than those of the positive bone control.

A second independent osteoclast culture was conducted with a control native bone group
and a group of PILP-remineralized samples using OPN-mix as the process-directing agent
for mineralization. Here it is observed that the PILP-remineralized samples had many more
actin rings present when compared to the native bone control (Fig. 7). The diameters of the
actin rings on the PILP samples also are similar in scale to those on the bone control
samples. Because of the improved activation response in this second cell experiment, a third
independent osteoclast culture was conducted testing only the native bone control and PILP-
remineralized OPN-mix samples again. Although there were fewer actin rings on the OPN-
mix samples in the third cell culture (closer to the number found in the control bone group),
the size of the actin rings on the PILP OPN-mix samples were similar. It should be noted
that efforts to stain ruffled membranes in this set of experiments was unsuccessful.
Unfortunately, staining osteoclasts with anti-E subunit antibodies is an unreliable process
due to masking of the antigenic determinant by the complex packing of the 14 different
subunits into the V-ATPase enzyme. This was the case for both the OPN-PILP sample and
the native bone. Nevertheless, the presence of resorption pits (as detailed in the next section)
strongly suggests that ruffled membranes were present.

The total number of activated osteoclasts per specimen for all groups was assessed by the
number of actin rings identified, as presented in Figure 8. In the first cell culture study the
demineralized and conventionally remineralized samples, and samples remineralized with
pASP all have significantly fewer activated osteoclasts compared to the control (P < 0.01).
Additionally, there was no significant difference of activated osteoclasts between the three
treatment groups. In testing the cell response of OPN-remineralized specimens, , the OPN-
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mix group had significantly greater the number of activated osteoclasts than the respective
control group (P < 0.001), with nearly four times the value. In a repeated experiment with
the OPN-remineralized specimens, the osteoclast activation was similar between the bone
control and remineralized samples with no significant difference between the two groups.

3.4 Presence of Resorption Pits

To determine if the activated osteoclasts are actually able to resorb these bone-like matrices,
SEM examinations of post-culture specimens of PILP-OPN-mix were conducted (Fig. 9).
Representative resorption pits in the control (native bone) samples are shown in Figures 9A
and 9B. Here the pits are clearly seen and have sharp boundaries between resorbed and
unresorbed areas. It is also observed that the resorption pits typically occur in clusters of
multiple pits grouped together.

SEM micrographs of PILP-OPN-mix samples are shown in Figures 9C-9F. In Figures 9C
and 9D, typical resorption pits, identified by black arrows, are not quite as obvious as those
seen in the control samples. When compared to SEM micrographs of the surface pre-culture
(Figure 3D), however, it is obvious that the regions of interest are not a result of the surface
appearance of the specimens, but rather are attributed to the resorptive behavior of the
osteoclasts. Most of the pits observed do not have a sharp-edged boundary except in a few
cases. Higher magnification images of Figures 9C and 9D are shown in Figures 9E and 9F,
respectively, which shows examples of sharp and non-sharp boundaries. This may be due to
the rougher surface of the specimens, which seemed to be more prominent for the OPN-mix
remineralized specimens. It also appears that the resorption pits are less clustered than those
seen in the control samples.

4. Discussion

4.1 Collagen Mineralization with OPN

In this study, we show that intrafibrillar mineralization of collagen can be induced by the
most abundant non-collagenous protein in bone, osteopontin (OPN). Intrafibrillar
mineralization of collagen has been demonstrated in vitro for other NCPs by groups who
have examined fetuin [11] and phosphorylated dentin matrix protein-1 (DMP1) and dentin
phosphophoryn (DPP) [36]. In the dentin proteins, interesting differences were observed
between the amount of intra- versus extra-fibrillar content, as well as crystal alignment. The
overall morphology and nanostructure in all of these studies appear very similar to those
produced with pASP by our group and others, suggesting that this occurs via infiltration of
PILP droplets. Given the similarities in nanostructure to native bone, this further supports
our hypothesis that this could be the primary role of some of the acidic non-collagenous
proteins associated with bone and dentin. In other words, the acidic proteins may first
promote the intrafibrillar mineral by inhibiting classical nucleation in the extrafibrillar
space. After intrafibrillar mineral is formed, any remaining OPN could further interact with
extrafibrillar crystals to modify their growth habit by the adsorptive mechanisms more
commonly discussed. We have always found it interesting that in our in vitro model system,
the intrafibrillar space of collagen fibrils becomes mineralized first, which is then followed
by an extrafibrillar mineral coating. The cryo-EM images provided by Nudelman et al. [11]
also seem to show that intrafibrillar mineral is formed first, which would be somewhat
unexpected if the particles/droplets were simply adsorbing due to electrostatic attraction to
(+) residues, as they suggest, because the charged residues are presumably on both the
interior and surface of the fibrils. Perhaps the adsorption of some of the acidic proteins to the
collagen, as has been well documented [37], provides a “protective” coating to keep PILP
droplets from adsorbing and coating the collagen with mineral, which could block the entry
points (gap zones) for infiltration of PILP droplets. Thus, rather than the traditional
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hypothesis which considers adsorption of NCPs to collagen to serve a promotory role on
crystal nucleation, it might serve the purpose of enabling droplet entry into gap zones to
properly mineralize the fibril from inside-out.

It should be noted, however, that the OPN-mix we used here was extracted from bovine milk
[21], and therefore there are some differences between the osteopontin associated with bone,
which is not as highly phosphorylated. For example, in rat bone, OPN has 29 potential
phosphorylation sites, but only about 13 of these sites are phosphorylated. The average
degree of phosphorylation of the 28 potential phosphorylation sites in the whole protein
from milk was 79% [21, 27]. However, there are many proteases present in bone, so degree
of phosphorylation of OPN during its active state is not really known. In any case, most
regions of the protein have conserved sequences, such as the RGD site, a thrombin cleavage
site, an acidic domain at the amino terminus containing 8-10 consecutive aspartic acid
residues, as well as serine/threonine phosphorylation sites [16]. Given these similarities,
milk-derived OPN seems to provide a useful system for modeling the role of NCPs in bone
mineralization as well as cell interactions. In addition, it is known that the highly
phosphorylated OPN in milk is associated with casein micelles that stabilize amorphous
calcium phosphate (ACP) [38]. In its use here, without the casein, it still apparently provides
a mode of action of stabilizing the amorphous CaP phase, and quite possibly one that is a
fluidic nanodroplet (although that remains to be proven). We speculate that under our
mineralizing reaction conditions, which use only micromolar levels of OPN, the CaP
nanoclusters are not in the stable regime, as defined by Holt et al. [21], and therefore
accumulate to form what we have referred to as PILP droplets. In the biological realm, not
only will the concentration of protein influence this inhibitory activity, but the processed
state of a protein would be expected to have a marked influence on inhibitory activity, both
with respect to cleavage into smaller fragments, as well as degree of phosphorylation or
glycosylation [39-41]. Indeed, we have found that the molecular weight of the polymer [6,
9], as well as charge density [42-44], can have a pronounced impact on its ability to induce
the PILP process and promote intrafibrillar collagen mineralization.

4.2 Osteoclast Interactions with Remineralized Bone Matrix

Agueous EDTA treatment of bone has been shown to remove non-collagenous proteins from
the organic matrix [45, 46], while retaining the supramolecular structure [47], so it is likely
that the only components present in the remineralized substrates are collagen,
hydroxyapatite, and the negatively-charged polymer used in the mineralization process.
Clearly, if there are any remnant NCPs, they are not at sufficient levels to affect the
mineralization, or the osteoclast behavior, since the conventional remineralization of the
same demineralized bone matrix served as a negative control.

In previous work, it has been suggested that osteoclast contact with the mineral component
of bone may serve to induce bone resorption, based on results of non-resorption of
demineralized rabbit bone [48], as well as bone which has a layer of organic matrix on the
surface [49]. As such, it is not surprising that the demineralized bone specimens in this study
showed relatively little osteoclast activation and resorption. When presented with HA
mineral in a non-biomimetic bone structure, as in the conventionally remineralized collagen
substrates, the osteoclasts here exhibited little more activation than the demineralized
specimens, with only a few actin rings present. The osteoclast response to this group could
be because of the dissimilar arrangement of HA and collagen compared to that of native
bone, which essentially consists of clusters of large platy crystallites coating the surface of
the organic matrix (Fig. 4C), so the cells were primarily only in contact with the inorganic
coating, creating a scenario similar to previous work performed by others in which
osteoclasts were cultured on anorganic bone. In that work, it was found that osteoclasts only
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adhered to the anorganic bone if the substrate was first coated with an adherent factor
(vitronectin) [50]. Thus, it is not surprising that we did not observe much osteoclast
activation in the conventionally remineralized group. Certainly the surface roughness, which
is known to affect osteoclast activity [51], could be a factor as well since it is quite
pronounced on the mineralized coating. Other groups have examined HA films prepared by
a similar conventional crystallization method (i.e., they formed a dense mineral crust of
platy HA crystals), and in those cases did see osteoclast resorption, as measured by pits in
the calcium phosphate coated plastic substrates [52, 53]. These studies utilized a different
system to produce osteoclasts. In our hands, calcitriol-stimulated mouse marrow cultures
failed to resorb similar calcium phosphate-coated substrates (L. Shannon Holliday and
Stephen L. Gluck, unpublished results).

In contrast, the PILP-remineralize bone specimens did show more osteoclast interactions.
They were relatively modest (lower than the positive bone control) when pASP was used for
the mineralization; nevertheless, it does appear that by reconstituting a more native bone
nanostructure, it helped to restore some type of osteoclast interactions. Presumably having
the smaller HA crystals which are intimately associated with the collagen somehow became
more recognizable by the cells. Taking this a step further, when the PILP remineralization
was performed with the OPN-mix, the osteoclast interactions were dramatically improved,
even above and beyond the positive bone control (in one trial). This can most likely be
attributed to the RGD ligand that is present on the OPN, which can then interact through the
avp3-integrin (vitronectin receptor) of osteoclasts [54-56]. Indeed, Reinholt et al. found
OPN and vitronectin receptors to be co-localized at regions where osteoclasts attached to the
bone surface (clear zone), supporting their hypothesis that OPN serves as an anchor binding
the bone mineral to the vitronectin receptors identified on the osteoclast plasma membrane
[57]. McKee and coworkers have also shown that OPN is accumulated in lamina limitans
and is involved with osteoclast adhesion [58-60]. Addison et al. and McKee et al. have
proposed that there are atomic-level electrostatic mechanisms of OPN peptide binding to
crystal surfaces [61, 62]. Nakamura et al. [54] studies on avp3-integrin show that it plays a
role in the regulation of two processes required for effective osteoclastic bone resorption:
cell migration and maintenance of the sealing zone. In our in vitro system, apparently not all
of the OPN is absorbed into the substrates and some is present at the surface. Because this
did not occur for the negative control (mineralized with conventional crystallization), this
seems to confirm that the EDTA treatment did effectively remove most non-collagenous
proteins, which presumably could have led to some osteoclast interactions if present. One
might ask why the RGD domains in collagen itself did not trigger this enhanced osteoclast
activity? Apparently, it requires cleavage or denaturation of the collagen in order to expose
the cryptic RGD-sequences that initiate osteoclast bone resorption [56]. This can occur
through interstitial collagenase, which is produced by osteoblasts, acting as a “coupling
factor” that allows osteoblasts to initiate bone resorption by generating collagen fragments
that activate osteoclasts [63].

Further studies are needed to more closely examine the osteoclast behavior, to determine if
there is a reason the resorption pits look a little different for the remineralized bone
specimens. This could be simply related to the surface roughness [51, 64], or even subtle
changes in the podosome or ruffled border activities. Even the spatial organization of the
adhesive ligands can play a role, which in our in vitro system, is not regulated. For example,
Anderegg et al. [65] used micro-patterned surfaces, consisting of adhesive domains of
vitronectin separated by non-adhesive domains, and found that the sealing zone expansion is
dependent on the continuity of matrix adhesiveness. Other studies have indicated that the
overall size and dynamics of sealing zones depend on the chemical and physical properties
of the underlying substrate [51, 64, 66, 67]. For example, on bone, SZs are rather small and
relatively stable (and there can be more than one per cell), whereas on vitronectin-coated
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glass surfaces, the SZs fuse into one large ring, and are highly dynamic and apparently
unstable [65, 66].

There was considerable variability between the osteoclast cultures on the two groups of
OPN-mineralized specimens, the reason for which remains to be determined, but is perhaps
related to surface roughness (see Figs. 9A-F), which has been shown to influence osteoclast
activity [68, 69] [50, 51]. Whether this is the primary cause of the variability cannot be
determined from this study, but this does not take away from the results that both
independent cultures with OPN-mineralized substrates exhibited strong interactions with the
osteoclasts. This is an exciting result because it suggests that one might actually be able to
tailor the rate of resorption in a bone graft material simply by adjusting the level of
osteoclast interactions through their interactions with the additives. For example, variable
levels of pASP with OPN could be used, or it might even be as simple as adding in RGD
sequences to the additive. Indeed, in native bone, the expression of osteopontin mRNA is
especially high at sites destined for resorption [70], which may be desirable for a
bioresorbable bone substitute.

4.3 Proposed Role of OPN In Bone Mineralization

In recent years it has been shown that many of the acidic proteins associated with
biominerals fall in the class of intrinsically disordered proteins (IDPs), including OPN [71],
bone sialoprotein, and phosphophoryn [18, 71]. Therefore, new hypotheses have arisen
suggesting that the flexibility of the proteins can assist with interactions between multiple
ions in the mineral crystal faces [71], and that this can occur through more general
electrostatic interactions [72], as opposed to the prior view that these NCPs had very specific
conformations that led to epitaxial-like relationships with the mineral [73]. Our view differs
from these hypotheses in that we believe a primary role of these flexible proteins is to
interact with the ionic species and/or clusters (not crystal faces), to sequester them into
fluidic mineral precursor droplets that can infiltrate collagen fibrils via capillary action [2].
While it is certainly possible that these anionic proteins can interact with crystal faces,
which could be a means for modulating crystal size, shape and orientation [36], this would
seemingly be more relevant to the extrafibrillar crystals, because once the mineral precursor
is infiltrated inside the collagen fibrils, its crystal properties seem to be directed more by the
collagen compartment [2, 11, 74]. It should be noted that our hypothesis does not contradict
the many prior studies that have shown that OPN is inhibitory to crystal nucleation and
growth. It is precisely this inhibitory activity that keeps the supersaturated solution free of
crystalline precipitates, while the polymer/protein is sequestering ions to form PILP
droplets, which can then infiltrate the collagen fibrils, and in such a way that the interior fills
with mineral precursor first [5, 11]. In vivo, such a precursor phase could presumably be
formed as the NCPs are secreted by osteoblasts into the ECM. In addition, spatio/temporal
control may occur through enzymatic processing of the proteins into their most active form
[40]. In the case of dentin, which is also a collagen-based hard tissue, proteins are secreted
through dentin tubules, where the highly acidic phosphophoryn protein would be a likely
candidate to lead to a similar PILP process.

OPN is often considered an inhibitory protein, but the fact that OPN is intimately associated
with the mineral phase in bone [75] and in osteoblast cultures [76], as shown by
immunocytochemical labeling, is seemingly not consistent with that perspective. Indeed,
OPN and osteocalcin genes are expressed at or near the time of mineralization [77], which
would seem more consistent with our hypothesis that they are there to promote intrafibrillar
mineralization of the collagen matrix (where inhibition of the conventional crystallization
reaction leads to a PILP type reaction). On the other hand, OPN-deficient mice do not show
any macroscopic structural alterations in bones at birth and during further development [78].
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At the microscale, FTIR microspectroscopy of OPN-deficient mice revealed that the relative
amount of mineral in the more mature regions of the bone (central cortical bone) was
significantly increased, and the mineral crystal size and perfection was increased throughout
all the bone [79]. The authors attributed these changes to either OPN-inhibition of mineral
crystal growth or to potential effects of OPN on bone cell response. Our in vitro results seem
to support the latter scenario, where the lack of OPN would be expected to reduce
interactions with osteoclasts and thus bone turnover and remodeling, which in turn would
lead to more mature crystallites over time (as well as more mature collagen, which was also
measured in their studies). Indeed, it has been found that bone resorption is decreased in
OPN-deficient mice relative to wild-type where both are given a Ca-deficient diet [80].
Additional support for the altered osteoclast function in OPN-deficient mice is provided by
Franzén et al. [81], who have shown in OPN knockout mice that the volume and length of
the osteoclast ruffled border was several folds lower, indicating a lower resorptive capacity.

Returning to the fact that OPN-deficient mice are still able to mineralize bone without using
OPN seems to indicate that there are other NCPs which must also play a role of promoting
collagen mineralization. Combinations of the NCPs may be used to more precisely regulate
the overall mineral structure, as well as cell signaling functions, which in the case of OPN,
would seemingly be involved in regulating the osteoclast pathway for bone resorption. OPN
has also been considered an “inhibitory” protein in bone mineralization because it reduces
the formation of mineral nodules in osteoblast cell cultures, and is a negative regulator of
proliferation and differentiation in MC3T3-EL1 cells [82] (although there seem to be
contradictory findings in the literature, depending on the exact experimental system used
[83-87]). This type of inhibitory activity could also be from cell signaling effects. It
certainly makes sense that as osteoblasts encounter bone matrix that has already been
mineralized, that the remnants of the mineralization, such as OPN, would signal to the cells
to stop making bone in that location. Perhaps this is why OPN is a late marker of bone
mineralization, while other NCPs (such as BSP) may be involved in the earlier stages of
mineralization [88]. In other words, the NCPs may be redundant in terms of helping to
promote the proper kind of collagen mineralization (which does not require a high degree of
protein structure or specificity when using the PILP process), but the temporal sequences of
addition of the NCPs may be related to their specific cell signaling functions, which might
be expected to change as the matrix is just starting to mineralize versus when the
mineralization is nearly complete.

We are proposing here that the biological function of non-collagenous proteins found in
bone, such as OPN, is to promote mineralization in bone formation, albeit via a very specific
type of mineralization. But this leads to the question- why are the same types of proteins
located in places where the normal physiological function would seemingly need to inhibit
mineralization? For example, OPN and matrix Gla protein are found in calcified vasculature
[89, 90], and OPN is intimately associated with kidney stones [91-95]. A potential resolution
to this apparent paradox can be found in the work of Holt et al. [21], who found that in a
supersaturated solution containing a certain concentration of competent sequestering
phosphoprotein, ions are initially sequestered in the form of stable nanoclusters by a
stoichiometric excess of the phosphoprotein. But as ions continue to accumulate and
eventually form a stoichiometric excess over the phosphoprotein, the surplus of ions grow
into a bulk amorphous phase, which ultimately will transform into a crystalline phase.
Extrapolating these in vitro observations to in vivo situations, one could see that if the
inhibitory activity of OPN is overcome by excess ions, this could lead to collagen
mineralization in bones and teeth, as well as the unfortunate consequence of pathological
deposits. In the opposite scenario, if there was a surplus of phosphoprotein, as found in
accumulation of excess OPN in the X-linked hypophosphatemia, the ions may be overly
stabilized and could potentially lead to decreased bone mineralization, which has been
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observed as osteoidosis in mouse models [40]. It is interesting to note that Beck et al. [77]
find that OPN is induced in direct response to increased phosphate levels, which could
provide a mechanism to explain how expression of OPN is normally regulated in bone,
where it may become up-regulated to provide a signature to the final stages of
mineralization. It also suggests how it may become up-regulated in response to pathological
deposits, where its function may be intended to be inhibitory, yet it could simply become
overwhelmed with a stoichiometric excess of ions over the phosphoprotein. This can lead to
interesting consequences, as we discuss in our papers considering the relevance of PILP to
kidney stones [96-98].

5.Conclusions

Preliminary studies were done using a commercially available collagen sponge to determine
if osteopontin could be used to induce the PILP process and direct intrafibrillar
mineralization of type-I collagen. Indeed, TGA showed that 75 wt% mineral could be
attained using OPN as a process-directing agent, and most of the mineral appeared to be
intrafibrillar, as evidenced by TEM and the fact that large calcium and phosphorous EDS
peaks are present even though external mineral is not observed. These results demonstrate
that proteins that are inhibitory to crystal nucleation and growth, due to their ion-
sequestering activity, can lead to an alternative pathway of mineralization that actually
assists in the intrafibrillar mineralization of collagen scaffolds, thereby offering a plausible
explanation for their involvement in both bone mineralization and prevention of pathological
mineralization.

Our invitro model system suggests that OPN has a multifunctional role with respect to
modulating both the mineralization reaction, as well as the cellular activity. Thus, it
becomes quite complex when trying to unravel its role in vivo. Simply considering a protein
to be “inhibitory” is not the end of the story, where it is clear that this inhibitory activity can
promote the intrafibrillar mineralization of collagen. In contrast, OPN's modulation of
cellular activities could also alter the mineral content in bone, where this type of “inhibitory”
activity could relate to osteoblast or osteoclast activities, with the latter being particularly
important in bone remodeling. Thus, the second part of the study took advantage of the
multifunctionality of OPN and examined osteoclast interactions with PILP-remineralized
bone specimens and found that both the bone nanostructure played a role in activating
osteoclasts, as well as the organic ligands present in the OPN. These results suggest PILP
processing may be able to lead to biomimetic bone graft substitutes that are bioresorbable
through the cellular processes of bone remodeling (as opposed to materials based on
hydrolytic degradation that require matching to bone in-growth rate), and that the
bioresorption rate might be tunable by adjusting the ligands associated with the process-
directing agent. When considering the interactions of non-collagenous proteins, serum
adhesion proteins, cytokines, hormones, topography, composition, etc., it is evident that
osteoclastic activation and resorption is a complex mechanism, so our ability to make
biomimetic bone with controlled addition of constituents could be a useful model system for
further examining these issues.
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Figure 1.
Comparison of collagen sponge substrates mineralized without and with the PILP process.

(A) SEM of the collagen sponge prior to mineralization. (B) SEM of the collagen sponge
mineralized by the conventional crystallization process (without polymer additive). (C) SEM
showing a collagen sponge treated with a PILP solution containing 200 pg/ml OPN as the
process-directing agent. (D) A closer look and EDS analysis (inset) of the PILP-mineralized
collagen fibrils from the area denoted by the dotted square on (C). (E) Bright- and (F) dark-
field TEM micrographs of isolated collagen fibrils from a PILP-mineralized collagen sponge
using OPN as process-directing agent. The (002) arcs were used to create the dark-field
image, thus showing [001] aligned crystals, which appear as the bright streaks in the fibril.
Scale bars denote 0.2 um. (F) Inset: SAED pattern of the mineralized fibril, showing that the
alignment of the hydroxyapatite nanocrystals are parallel to the collagen fibril.
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Figure 2.

Diffraction and thermal analysis of the PILP-mineralized collagen sponge using OPN as
process-directing agent. (A) Wide-angle X-ray diffraction compares the sponge before and
after mineralization. The peaks present at 26 and 32 degrees are indicative of
hydroxyapatite. (B) An overlay of thermogravimetric analysis (TGA-top curve) and
differential thermal analysis (DTA-bottom curve). TGA provides the overall mineral content
of the sponge after the organic matter has been combusted, which yields 75 wt % mineral.
The DTA curve of PILP-mineralized collagen sponge samples shows a low temperature
peak at about 330°C, indicative of intrafibrillar mineral.
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Figure 3.

SEM image of a native bovine bone specimen (A), of demineralized bone (B), and PILP
remineralized specimens using polyaspartic acid (C), and PILP remineralized specimens
using osteopontin as the process-directing agent (D). Representative EDS spectra for each
group are also shown with the respective SEM micrographs, showing the lack of calcium
and phosphorous in the demineralized specimens (B), and showing the presence of calcium
and phosphorous in the remineralized specimens (C, D). The striations and cracks are knife
marks and artifacts from sample preparation. Scale bar = 100 pm on all images.
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Figure4.
Demineralized bone slice that was remineralized via the conventional crystallization process

(without pASP additive). (A) Low magnification SEM image illustrating heterogeneity of
the mineralized surface, where most of the surface was covered with a dense film of
hydroxyapatite, interdispersed with regions lacking this coating. (B) A region without the
coating shows a few scattered clusters of HA. The inset is a close up of the region that did
not contain the coating which shows whitish clusters that appear to be below the surface of
the collagen (C) A high magnification image of the mineral coating shows that the crystals
are large and platy, typical of crystals grown via the conventional crystallization process.
(D) EDS spectrum of a magnified region where there is no dense surface coating (inset of
panel B) still shows the presence of mineral, attributed to the sub-surface mineral. (E) EDS
of the regions of dense mineral films seen in the majority of the sample have large calcium
and phosphorous peaks, as expected.
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Figureb5.

WAXD patterns of native bovine bone, demineralized bone, and PILP remineralized bone
specimens using either polyaspartic acid or osteopontin. The peaks present at 26 and 32
degrees are indicative of hydroxyapatite, and are broad due to the small crystallite size, as in

bone
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Figure6.

Representative images of specimens stained with Texas red-tagged phalloidin to detect actin
rings (Left: A, C, E, G), and with V-ATPase to detect ruffled borders (Right: B, D, F, H).
(A, B) The native bone control shows the presence of both actin rings and ruffled
membranes. (C, D) Demineralized bone shows some small actin rings, but there are very
few, and there is a lot of stress actin. (E, F) The conventionally remineralized specimens
show a few actin rings as well as the presence of stress actin from other cells. (G, H) PILP
remineralized (with pASP process-directing agent) specimens show the presence of actin
rings and ruffled membranes. The rings are smaller than in the bone control. Scale bars = 20
pum.
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Figure7.

Representative images of native bone (A) and PILP-remineralized bone with OPN process-
directing agent (B). Specimens were stained with Texas red-tagged phalloidin to show the
presence of actin rings which form the sealing zone. Scale bars = 20 pm.
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Figure8.

Comparison of activated osteoclasts for each group tested, as measured by the average
number of actin rings identified (error bars represent standard deviation). The groups labeled
(OPN)2 and (OPN)?3 are specimens tested in a second and third independent cell culture,
where cells were harvested from different sets of mice for each study, and each with its own
native bone sample as a control. All groups have an n=3, with the exception of Control? and
(OPN)?2 with an n=4. *: P<0.01, **: P<0.001 relative to the respective native bone controls,
assessed by unpaired t-test assuming unequal variance.
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Figure9.
SEM micrographs of post-culture surfaces of the positive control of native bone (A, B) and

OPN PILP-remineralized specimens (C-F). Resorption pits are clearly seen in (A) and (B)
and are also identified by arrows in (C) and (D). (E) and (F) are magnified images of (C) and
(D), respectively. Scale bars = 100 um in A- D, and 50 pm in E & F.
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