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Abstract

Immobilization of phosphoproteins on a collagen matrix is important for induction of intrafibrillar
apatite mineralization. Unlike phosphate esters, polyphosphonic acid has no reactive sites for
covalent binding to collagen amine groups. Binding of polyvinylphosphonic acid (PVPA), a
biomimetic templating analog of matrix phosphoproteins, to collagen was found to be electrostatic
in nature. Thus, an alternative retention mechanism was designed for immobilization of PVPA to
collagen by cross-linking the latter with carbodiimide (EDC). This mechanism is based on the
principle of size exclusion entrapment of PVPA molecules within the internal water compartments
of collagen. By cross-linking collagen with EDC, a zero-length cross-linking agent, the sieving
property of collagen is increased, enabling the PVPA to be immobilized within the collagen. Absence
of covalent cross-linking between PVPA and collagen was confirmed by FT-IR spectroscopy. Based
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on these results, a concentration range for immobilized PVPA to template intrafibrillar apatite
deposition was established and validated using a single-layer reconstituted type | collagen
mineralization model. In the presence of a polyacrylic acid-containing mineralization medium,
optimal intrafibrillar mineralization of the EDC-cross-linked collagen was achieved using 500 and
1,000 pg/mL PVPA. The mineralized fibrils exhibited a hierarchical order of intrafibrillar mineral
infiltration, as manifested by the appearance of electron-dense periodicity within unstained fibrils.
Understanding the basic processes in intrafibrillar mineralization of reconstituted collagen creates
opportunities for the design of tissue engineering materials for hard tissue repair and regeneration.

Keywords
cross-linking; intrafibrillar mineralization; reconstituted collagen; size exclusion; templating analog

1. Introduction

Type | collagen serves as scaffolds for biomineralization of bone and dentin. In the absence of
apatite seed crystallites, a collagen matrix alone does not possess the thermodynamic and
kinetic mechanisms for induction of apatite nucleation [1]. There is considerable evidence
supporting that intrafibrillar mineralization of collagen is regulated by two concerted processes
in biomineralization. The first is the sequestration of amorphous mineral phases into
nanoprecursors that control the ultimate dimensions of the deposited minerals [2]. The second
is the templating of mineral nucleation along specific sites (gap zones) of the collagen fibril to
control the hierarchy of crystallite arrangement. Both processes are mediated by
noncollagenous matrix proteins (NCPs), a group of acidic, carboxylic acid and/or phosphate-
containing proteins that are essential for regulation of tissue mineralization [3,4]. Until now,
the therapeutic use of native or recombinant NCPs as nucleating agent for in-situ
biomineralization is not yet economically viable. Accordingly, scientists have resorted to the
use of poly(anionic) acid molecules to mimic the functional domains of naturally occurring
proteins [5].

Based on the aforementioned two-step motif, a nanotechnology-inspired [6] design for
biomimetic mineralization of demineralized dentin collagen has been reported with the use of
two poly(anionic) analogs of NCPs [7,8]. One biomimetic analog is a low molecular weight
carboxylated polyelectrolyte which is used to sequester metastable amorphous mineral
nanoprecursors derived from solutions via a liquid-liquid phase separation mechanism [9,10].
The fluid-like mineral nanoprecursor droplets infiltrate collagen fibrils by capillary action to
fill the gap zones between the collagen molecules and spaces between the microfibrils [11].
This non-classical crystallization approach is based on the use of a polymer-induced liquid-
precursor phase [9,11] and differs from the classical view of how apatite crystallites are
nucleated from ions within the gap zones, and subsequently grow to produce mineralized
biocomposites [12]. Nevertheless, it is compatible with the observation of amorphous mineral
phases in biomineralization systems [13,14]. The other phosphonated polyelectrolyte mimics
the mineral induction function of immobilized matrix phosphoproteins to collagen [15]. It has
been shown that phosphoproteins are non-specific and may be substituted by other
immobilized, naturally-occurring phosphoproteins to induce apatite deposition within collagen
[16,17]. When bound to collagen, the phosphonated polyelectrolyte is conjectured to perform
a similar templating function by guiding the nucleation and spatial orientation of
mesocrystalline apatite phases from the infiltrated mineral nanoprecursors and to induce their
self-assembly into nanocrystals [6,18,19]. As this process occurs within and along collagen
fibrils, this results in intrafibrillar and interfibrillar mineralization of the fibrils.
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In our proof-of-concept design [7,8], both the sequestration and templating analogs are
dissolved in simulated body fluid (SBF) and rely on diffusion to reach the collagen matrix. For
in-situ translation of this technology to regenerative medicine and dentistry, it is not desirable
to rely on this strategy for delivery of the templating biomimetic analog. Matrix
phosphoproteins involved in biomineralization are complexed to different locations along the
collagen molecule [15]. Their immobilization on the collagen matrix via covalent cross-linking
is crucial for induction of intrafibrillar mineralization [20,21]. Thus, it is logical to examine
the feasibility of doping type I collagen with polyvinylphosphonic acid (PVPA), a
phosphonated templating analog of matrix phosphoproteins, as the part of our translational
strategy. Unlike phosphate esters (C-O-P), polyphosphonic acid (C-P) has no reactive sites for
covalent binding to collagen amine groups [22]. Thus, PVPA binding to collagen is likely to
be electrostatic in nature [23] and may desorb from the collagen matrix after exposure to water
or interstitial fluids. This necessitates the development of an alternative mechanism for
immobilizing PVPA within collagen.

Water-soluble 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) is a biocompatible,
zero-length cross-linking agent that catalyzes the formation of amide bonds between carboxyl/
phosphate and amine groups via the formation of O-acylisourea derivatives. It induces direct
linking of two chemical groups without incorporating extrinsic spacers between the cross-
linked moieties [24]. N-hydroxysuccinimide (NHS) is frequently used to increase the
efficiency of EDC-mediated coupling reactions [25]. Coupling of the 5’ terminal phosphate
nucleotides to amine-containing molecules may also be achieved using EDC and imidazole
(Im) via the formation of phosphorylimidazole intermediates [26]. We hypothesize that cross-
linking of collagen via the use of a zero-length cross-linking agent will augment the size
exclusion effect of collagen fibrils [27], enabling PVPA molecules to be trapped within the
collagen internal water compartments during biomimetic mineralization. This will allow us to
remove this templating analog from the mineralization medium.

The objectives of this study were to examine the binding characteristics of PVPA to
demineralized dentin collagen, to determine whether immobilization of PVPA to collagen
matrices and intrafibrillar mineralization of the collagen could be achieved by cross-linking
collagen with different EDC-mediated strategies. The null hypotheses tested were: (1) Binding
of PVPA to demineralized collagen matrices is not affected by the time employed for binding,
(2) There is no difference in the stability of PVPA immobilization irrespective of whether
collagen is cross-linked by EDC, and (3) There is no advantage in using NHS or IM with EDC
for cross-linking collagen to immobilize PVPA within demineralized collagen matrices. A
PVPA immobilization protocol was selected based on these criteria for evaluating the effect
of PVPA concentrations on intrafibrillar mineralization of reconstituted type | collagen fibrils.

2. Materials and methods

2.1 Preparation of demineralized collagen matrices

Five hundred extracted human third molars were obtained with patient informed consent under
a protocol approved by the Human Assurance Committee of the Medical College of Georgia.
Radicular dentin ground free of enamel, cementum and pulpal soft tissues was reduced to a
fine powder by freezing the dentin pieces in liquid nitrogen and triturating them in a stainless
steel mixer mill (Model MM301, Retsch, Newtown, PA) for 10 min at 30 Hz. The powder was
mechanically sieved to a particle size smaller than 38 um, with all particles below this cutoff
dimension retained. Aliquots of dentin powder were immersed for 48 h in 4M guanidine HCI
buffered to pH 7.4 with 0.05 M Tris HCI for initial dissociative extraction of NCPs They were
then completely demineralized in 0.5 M ethylenediamine tetraacetic acid at 4 °C. Absence of
residual minerals was confirmed using digital radiography. Thereafter, the demineralized
dentin aliquots were treated with 4 M guanidine HCI containing protease inhibitors for 48 h at
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4 °C for extraction of the tightly bound NCPs that were previously masked by minerals [28].
All solutions contained protease inhibitors (mM): benzamidine HCI (2.5), e-amino-n-caproic
acid (50), N-ethylmaleimide (0.5), phenylmethylsufonyl fluoride (0.3) and with pH adjusted
to 7.4. The collagen matrices were thoroughly rinsed, Iyophilized and stored at —70°C until
use.

2.2 PVPA adsorption

Adsorption experiments were performed by mixing 50 mg of demineralized collagen with 1
mL of PVPA-containing solution for 1 min, 5 min or 1 h. Twelve PVPA (Mw 24,000, Sigma-
Aldrich, St. Louis, MO, USA) solutions were prepared (0 to 20,000 pg/mL, based on serial
dilutions) in 4 media: deionized water, 0.3 M EDC (pH 5.5; ThermoScientific Pierce, Rockford,
IL, USA), 0.3 M EDC/0.06 M NHS (ThermoScientific Pierce) or 0.3 M EDC/0.3 M Im (Sigma-
Aldrich). For the EDC-NHS protocol, NHS was added to the EDC and the pH adjusted to 5.5
with 0.1 M MES buffer. For the EDC-Im protocol, the Im solution was buffered to pH 5.5 with
0.1 N HCI prior to the addition of EDC. As PVPA adsorption and collagen cross-linking were
conducted simultaneously, the EDC-Im protocol was used to validate our assumption that
PVPA retention within collagen was not caused by direct cross-linking between PVPA and
collagen, which should result in additional increase in the amount of immobilized PVPA.

After gentle tumbling at 37°C for the designated time points, the mixtures were centrifuged to
retrieve the supernatant. The concentration of free PVPA in each supernatant was deduced by
measuring its phosphorous content [29], using KH,PO4 as a phosphorus standard. Ammonium
molybdate was incubated with the supernatant at 37°C for 2 h to produce a phosphomolybdate
colored complex that was analyzed at 820 nm with a plate reader (Synergy HT, BioTek
Instruments, Winooski, VT, USA). The amount of free PVPA (F) in the supernatant was
calculated using a linear regression equation derived from known PVPA concentrations. The
amount of immobilized PVPA was calculated by subtracting F from the initial amount of
PVPA. Adsorption isotherms were plotted based on the relationship between PVPA adsorbed
per unit mass of dried collagen (mg/g) and the PVPA concentration at equilibrium.
Measurements were performed in triplicate.

2.3 PVPA desorption

Desorption of electrostatically bound PVPA was conducted using three salt concentrations:
deionized water (i.e. 0 mM NacCl), 130 mM NaCl and 500 mM NaCl [30]. For each salt
concentration, the twelve PVPA concentrations prepared with four media (i.e. deionized water,
EDC only, EDC-NHS and EDC-Im) were first allowed to adsorb on demineralized collagen
matrices for the optimal time period determined from the previous binding experiments.
Thereafter, the PVPA-immobilized collagen matrices were briefly rinsed with deionized water
and re-suspended in 1 mL of the respective desorbent at 37°C under mild agitation for 24 h.
The supernatant was collected to determine the amount of PVPA desorbed by analysis of the
phosphorus content [29]. Based on these data, P\VPA solutions with the optimal EDC cross-
linking method was selected for the subsequent parts of the experiments.

2.4 Statistical analyses

Non-linear regression was used to model the relationship between PVVPA concentration and
PVPA adsorption or PVPA that remained after immersion in the desorbents. Simultaneous
tests of linear contrasts were used to compare model coefficients among groups. A Bonferroni
adjustment was used to control the overall error rate for appropriately defined “families” of
tests. The maximum PVPA uptake (Bnnax) Was estimated based on the fitted curve and the
interpolation method was used to estimate the concentration Ky, that would yield an uptake of
Bmax/2. This facilitates comparisons of the concentration of PVVPA required to half-saturate the
collagen matrix within the confines of the parameter being investigated. For each analysis
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designed to test the three respective null hypotheses, the approximate 95% confidence interval
for K, was used to derive an approximate standard error for Ki,. The Wald test with a
Bonferroni adjustment was used to compare Ku, values across treatment groups using these
approximate standard errors. Two-tailed tests with a significance level of 0.05 were used for
all statistical comparisons, except where the Bonferroni adjustment was applied.

Complementary Scatchard plots of the adsorption/desorption data were also generated by
plotting the amount of bound PVPA to the free PVPA concentration as the ordinate and the
amount of bound PVPA as the abscissa. These plots were used to determine if PVPA retention
was characterized by a linear (one retention mode) or a curvilinear relation (heterogeneous
retention). For the adsorption data, the tangent of each regression line/curve at its intersection
with the ordinate was used to approximate the optimal PVPA concentration for “high affinity”
retention.

2.5 Fourier transform-infrared spectroscopy (FT-IR)

A Nicolet 6700 FT-IR spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA) with
a diamond attenuated total reflection (ATR) setup was used to collect FT-IR spectra from the
fibrous collagen matrices before (control) and after exposure to PVPA-cross-linking solutions
with the optimal time period (i.e. 1 min, 5 min or 1 h) determined from the results of the binding
experiments. The PVPA was applied to collagen matrices in the absence or presence of the
most appropriate collagen cross-linking medium (i.e. EDC only, EDC/NHS, EDC/Im) derived
from the results of the binding experiments. After cross-linking, the fibrous collagen matrices
were rinsed three times with deionized water to remove excess PVPA and EDC and blot-dried
with lint-free gauzes. Infrared spectra were collected between 675-4000 cm ™1 at 4 cm™!
resolution using 32 scans.

2.6 Mineralization of reconstituted collagen

2.6.1 Self-assembly of collagen fibrils—A single-layer collagen mineralization model
[31] was employed for rapid screening of the extent of intrafibrillar mineralization. Lyophilized
type | collagen powder derived from calf skin (Sigma-Aldrich) was dissolved overnight in
acetic acid containing phenol red at 4°C to obtain a 2 mg/mL collagen stock solution. Eighty
uL droplets of the collagen solution were placed on an inert polyethylene substrate in a humidity
chamber and a formvar- and carbon-coated Ni TEM grid (Electron Microscopy Sciences,
Hatfield, PA, USA) was placed on top of each droplet. After neutralizing with ammonia, the
collagen solution was left to gel by incubation at 37 °C. Confirmation of self-assembly of the
collagen fibrils was performed by negative staining of randomly selected grids with 1% uranyl
acetate followed by transmission electron microscopy (TEM; JEM-1230, JEOL, Tokyo, Japan)
at 110 kV.

2.6.2 Mineralization of the PVPA-immobilized collagen fibrils—Seven PVPA
concentrations were used for this part of the study: 0 (control), 200, 500, 1,000, 2,000, 4,000
and 8,000 pug/mL. Collagen cross-linking was performed using 0.3 M EDC only. Solutions
with different PVPA concentrations were adjusted to pH 5. After adding EDC, the pH of the
different solutions varied between 5.5-5.8. Collagen-coated grids were floated upside down
in PVPA and EDC-containing solutions for 5 min. Thereafter, the grids were floated on a drop
of 0.5 M NaCl for 5 min, dipped in and out of deionized water to remove electrostatically bound
and unbound PVPA and air-dried. A calcium and hydroxyl ion-releasing composite composed
of a light-polymerizable hydrophilic resin, set Portland cement powder (Lehigh Cement
Company, Allentown, Pennsylvania, USA) and silanized colloidal silica (OX-50; Bisco, Inc.,
Schaumburg, IL, USA) was used for biomimetic mineralization of reconstituted collagen fibrils
[31]. The Portland cement-based composite is capable of sustained release of Ca and OH ions,
creating a medium with pH > 9.25 that is necessary for transformation of amorphous calcium

Acta Biomater. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guetal.

3. Results

Page 6

phosphate into apatite instead of octacalcium phosphate [32]. Resin disks of 6.0 £ 0.1 mm in
diameter and 0.8 = 0.02 mm thick were prepared by polymerization with a light-curing unit.

For each nanoscopic mineralization assembly, one 30 pL drop of simulated body fluid (SBF)
containing 500 pug/mL polyacrylic acid (PAA, Mw 1,800; Sigma-Aldrich) was placed on top
of a composite disk. The SBF was prepared by dissolving 136.8 mM NaCl, 4.2 mM
NaHCOg3, 3.0 mM KCI, 1.0 mM KyHPO4-:3H,0, 1.5 mM MgCl,-6H,0, 2.5 mM CaCl, and
0.5 mM NaySQOy in deionized water [33] containing 3.08 mM sodium azide to prevent bacterial
growth. A TEM grid containing the PVPA cross-linked reconstituted collagen fibrils was then
floated on top of the droplet and sealed inside the humidity chamber. The grids were incubated
for 4 and 24 h in the humidity chamber at 37°C. After retrieval, each grid was dipped in and
out of deionized water to remove loose precipitates and examined with TEM examination
without further staining.

3.1 PVPA adsorption and desorption

Figure 1A represents the adsorption isotherms obtained from the binding of PVPA to
demineralized collagen matrices after 1 min, 5 minand 1 h, in the absence of EDC. The amount
of sorbed PVPA increased with the time of contact with the collagen matrices, although most
of the PVPA was adsorbed within the first 5 min. For the three time points investigated, no
equilibrium binding could be established up to a PVPA concentration of 20,000 ug/mL.
Quadratic polynomial models provided an excellent fit for the relationship between PVPA
concentration and bound PVPA at 1 min, 5 min and 1 h, with highly significant omnibus F-
tests (p < 0.0001) and large adjusted R2 values (R% > 0.998) for each model. Simultaneous tests
of linear contrasts with a Bonferroni-adjusted significance level of 0.05/3 = 0.0167 comparing
the coefficients of the three models yielded a significant difference only in the linear term
between the quadratic model fit to 1 min and the quadratic model fit to 1 h [F(1, 16) = 10.75,
p = 0.005]. Table I contains the details of the estimation of Ky, for all three time points. The
Ky, for 1 min differed significantly from the Ky, for 1 h (z = 2.57, p = 0.010). No other
comparisons of K, values between groups were statistically significant at the Bonferroni-
adjusted level of 0.0167. Similar trends were also obtained for the effect of time on PVPA
sorption when cross-linking of the collagen matrices was mediated with EDC (i.e. EDC only,
EDC/NHS, and EDC/Im; not shown). Linear Scatchard plots (Figure 1B) were obtained based
on the data presented in Figure 1A.

As there was no difference in the amount of PVPA that interacted with the collagen matrices
after 5 min versus 1 h of PVPA application, the 5 min time point was chosen for all subsequent
experiments. Figure 2A represents the adsorption isotherms and 500 mM NacCl desorption
isotherms for different PVPA concentrations after demineralized collagen matrices were cross-
linked using EDC only, EDC/NHS or EDC/Im. Quadratic models provided excellent fits for
the relationship between PVPA concentration and bound PVPA for the three adsorption
isotherms and the three desorption isotherms. The omnibus F-tests were all highly significant
(p < 0.0001) and adjusted R? values were > 0.996 for all six models. There were no significant
differences among the three adsorption curves in terms of either the linear [omnibus F(2, 21)
= 0.63, p = 0.541] or quadratic terms [omnibus F(2, 21) = 1.00, p = 0.383]. However, the
omnibus F test showed a significant difference among the desorption curves in both the linear
[F(2, 21) = 11.08, p < 0.001] and quadratic terms [F(2, 21) = 5.36, p = 0.013]. Simultaneous
tests of linear contrasts with a Bonferroni-adjusted significance level of 0.05/3 = 0.0167
comparing the coefficients of the three desorption models yielded significant differences in the
linear term when comparing the EDC only model with the EDC/NHS model [F(1,14) = 15.93,
p = 0.013]. There were significant differences in the linear [F(1,14) = 12.44, p = 0.003] and
quadratic [F(1,14) = 9.22, p = 0.009] terms when comparing the EDC/NHS model with the

Acta Biomater. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guetal.

Page 7

EDC/Im model. Table Il contains the details of the estimation of Ky, for the three adsorption
and the three desorption models. For the adsorption models, there were differences in the K,
values when comparing the EDC/Im group with the EDC only group (z = 5.04, p < 0.001) and
the EDC/NHS group (z = 2.86, p = 0.004) using the Bonferroni-adjusted significance level of
0.0167. For the desorption models, the Ky, values for all three groups were significantly
different from each other: EDC only vs EDC/NHS (z = 3.84, p < 0.001), EDC only vs EDC/
Im (z=0.012, p < 0.001), and EDC/NHS vs EDC/Im (z = 6.04, p < 0.001).

Figure 2B is the corresponding Scatchard plot of Fig. 2A. Unlike PVPA binding in the absence
of EDC (Fig. 1A), transformation of the adsorption data yielded curvilinear Scatchard plots
that are indicative of the presence of heterogeneous retention sites for each of the three EDC
cross-linking methods. Following desorption in 500 mM NacCl, linear Scatchard plots were
obtained from the transformed desorption data, which is indicative of a single retention mode.

As the desorption results indicated that cross-linking with EDC only yielded the best ligand
retention characteristics, this cross-linking protocol was employed for the rest of the study.
Figure 3 represents the effects of desorption salt concentration on PVPA-collagen interaction
in the absence of EDC, and after PVVPA was immobilized by cross-linking collagen with EDC
only. For the interactions between collagen and PVVPA applied in the absence of EDC (Fig.
3A), quadratic models provided an excellent fit for the relationships between PVPA
concentration and bound PVPA at 5 min and between PVPA concentration and 24 h water
desorption (i.e. 0 mM NaCl), with highly significant omnibus F-tests (p < 0.0001) and large
adjusted R? values (R? > 0.982) for both models. Simultaneous tests of linear contrasts
comparing the coefficients of the two quadratic models yielded a significant difference in the
quadratic term [F(1, 16) = 25.09, p < 0.001]. Table 111 (upper part) contains the details of the
estimation of K, for the two groups; the respective Ky, values for the two groups differed
significantly (z = 12.20, p < 0.001). Complete desorption of the PVPA occurred after the
application of 130 mM or 500 mM NaCl for 24 h.

For the interactions between collagen and PVPA applied with the use of EDC only (Fig. 3B),
quadratic models provided an excellent fit for the relationship between PVPA concentration
and bound PVPA, with highly significant omnibus F-tests (p < 0.0001) and large adjusted R?
values (R2>0.997) for all four models. Simultaneous tests of linear contrasts with a Bonferroni-
adjusted significance level of 0.05/6 = 0.0083 comparing the coefficients of the four models
yielded significant differences in the linear term when comparing the quadratic model for 5
min cross-linking with EDC only and the models for the desorption of PVPA by 130 mM NacCl
[F(1, 14) = 11.09, p = 0.005] and the desorption of PVPA by 500 mM NaCl [F(1, 14) = 29.58,
p < 0.001]. In addition, the quadratic model for 24 h desorption by water differed from the
model for desorption by 500 mM NaCl in the linear term [F(1,14) = 34.14, p < 0.001]. Table
I11 (lower part) contains the details of the estimation of K, for the four models. In terms of the
Bonferroni-adjusted comparisons of the K, values across the four models, the Ky, values
differed significantly between the 5 min cross-linking with EDC group and the 24 h desorption
by water group (z = 3.32, p < 0.001) and the desorption by 500 mM NaCl group (z =3.78, p <
0.001).

Figure 3C contains the corresponding Scatchard plots of the transformed adsorption data
presented in Fig. 3B. A curvilinear plot was evident when PVPA was immobilized by EDC
cross-linked collagen. A similar curvilinear Scatchard plot was also observed when desorption
was conducted in water (i.e. 0 mM NaCl). Conversely, linear Scatchard plots were obtained
with increasing ionic strength of the desorbent.
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3.2 FT-IR spectroscopy

Figure 4 represents the IR spectra generated from demineralized collagen matrices before and
after a 5-min period of immobilizing 500 png/mL PVPA to the EDC cross-linked collagen
matrix. Before treatment, the collagen matrix revealed characteristic collagen-related bands
amide 1, 11 and 111 at 1200-1700 cm~1 [34]. The amide A and B bands were obscured by the
broad water region (25003700 cm 1) present in the hydrated collagen [35]. Similar spectra
were obtained after the immobilization of PVPA with the other two EDC cross-linking
protocols. In particular, no new peaks were observed in the phosphate fingerprint region
between 800-1500 cm 1 [36].

3.3 Mineralization of reconstituted collagen

Figure 5A is an image of stained reconstituted collagen fibrils prior to mineralization. Cross
banding could be identified from fibrils that were wider than 50 nm in diameter. Unstained
images of collagen fibrils retrieved after 4 h of incubation in the mineralization medium showed
that they were not yet mineralized. Electron-dense mineral nanoprecursor aggregates could be
seen along the periphery of the fibrils (Fig. 5B). For those fibrils in which PVPA was
immobilized by EDC cross-linking, nanoprecursors were attached to the fibril surface in an
ordered manner that roughly corresponded with the periodicity seen in stained fibrils (Fig. 5C).
Those nanoprecursors failed to show diffraction rings when examined by selected area electron
diffraction (SAED) that is indicative of their amorphous nature. They exhibited fluidity by
coalescing to produce continuous phases (Fig. 5D).

The effect of PVPA concentration on the extent of collagen mineralization in grids retrieved
after 24 h of incubation in the mineralization medium is illustrated by the low magnification
unstained images in Figure 6. No mineralization could be seen when PVVPA was absent (control,
Fig. 6A). Mineralization was sparse in collagen fibrils that had been cross-linked with EDC to
immobilize 4,000 or 8,000 pg/mL PVPA (Fig. 6B). A moderate extent of mineralization could
be seen in collagen fibrils that had been cross-linked with EDC to immobilize 200 or 2,000
ng/mL PVPA (Fig. 6C). Heavy mineralization was observed in collagen fibrils that had been
cross-linked with EDC to immobilize 500 or 1,000 ug/mL PVPA (Fig. 6D).

Unstained images of 24 h-mineralized collagen fibrils that had been cross-linked with EDC to
immobilize 500 and 1,000 ug/mL PVPA are shown in Figure 7. Although no staining was
employed, mineralized fibrils with immobilized PVPA exhibited a hierarchical order of
mineral deposition as manifested by the recapitulation of their banding characteristics (Fig.
7A). However, SAED of these fibrils indicated that the mineralized phase within the fibrils
were amorphous in nature. Extrafibrillar mineral deposits were commonly observed (Fig. 7A)
and appeared to be crystalline aggregates of nanocrystals with roughly hexagonal crystalline
planes that were 5-15 nm in length along their C-axis (Fig. 7B). Although cross-banding was
not evident due to the three-dimensional method of observation, the fibrils exhibited periodic
elevations along their external surfaces (Fig. 7C). At high magnification, nanocrystals were
arranged longitudinally along the more heavily mineralized fibrils. The nanocrystals were
confirmed by SAED to be apatite (Fig. 7D).

4. Discussion

As there was significant difference in the amount of PVPA immobilized within the collagen
matrices following 1 min and 1 h of PVPA-EDC application, the first null hypothesis has to
be rejected. As no significant difference was observed between 5 min and 1 h of PVPA-EDC
application, the former time point was selected for subsequent experiments. As the stability of
PVPA immobilization was improved after the collagen matrices were cross-linked with EDC,
the second null hypothesis was rejected and collagen cross-linking was adopted for subsequent
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mineralization experiments. As there was no additional improvement in PVPA retention when
N-hydroxysuccinimide or imidazole was employed with EDC for cross-linking demineralized
collagen, the third null hypothesis has to be accepted and EDC alone was adopted as the
collagen cross-linking protocol.

The use of PVPA concentrations up to 20,000 pg/mL did not achieve maximum binding to
demineralized collagen matrices (Fig. 1). This may be due to increase in surface area and
binding capacity as the dentin was reduced to a fine powder. When 500 mM NaCl was used
as a desorbent, the PVPA molecules were completely eluted from the demineralized collagen
in the absence of collagen cross-linking. This finding corresponds well with the single retention
mode delineated by the linear Scatchard plots [37,38] in Fig. 1B. Taken together, the results
confirm that binding of PVPA to collagen molecules is electrostatic in nature. Desorption of
electrostatically bound PVPA by the anions present in the SBF is likely to result in suboptimal
mineralization within the collagen fibrils. Although dentin collagen is more highly cross-linked
than bone collagen, additional cross-linking may be introduced using various agents [39]. The
curvilinear Scatchard plots obtained after collagen was cross-linked with EDC or EDC-NHS
are indicative of the presence of a heterogeneous family of PVPA retention mechanisms with
different degrees of affinity to the cross-linked collagen (Fig. 2B). These mechanisms may
include electrostatic binding, size exclusion by the cross-linked collagen or covalent cross-
linking. The observation that there was no increase in the amount of immobilized PVPA after
the use of the EDC-Im cross-linking protocol argues against the existence of covalent cross-
linking between PVPA and collagen molecules (Fig. 2A). The absence of new peaks in FT-IR
spectroscopy (Fig. 4) further substantiated the absence of covalent cross-links between PVPA
and collagen. This leaves behind electrostatic binding and size exclusion by the cross-linked
collagen as the potential retention mechanisms for PVPA after it was applied with simultaneous
collagen cross-linking to the collagen matrices.

All electrostatically bound PVPA molecules were displaced after desorption in 500 mM NacCl.
The initial curvilinear Scatchard plots [37,38] associated with PVVPA desorption in deionized
water became linear Scatchard plots with increases in ionic concentration of the desorbent (Fig.
3C). As the ionic strength of water is much weaker than the NaCl solutions, it was incapable
of displacing all the electrostatically-bound PVVPA from a collagen matrix. This accounts for
the curvilinear nature of the Scatchard plots after water desorption. With respect to the linear
Scatchard plots observed after 500 mM NaCl desorption, this high affinity “irreversible”
binding mode should logically be interpreted as entrapment of the PVPA molecules within the
intrafibrillar water compartments of collagen [40] and not actual covalent cross-linking of
PVPA to collagen, based on the EDC-Im and FT-IR results. Type | collagen exhibits size
exclusion characteristics which limit the size of molecules that can penetrate its internal water
compartments. Molecules smaller than 40 kDa are completely excluded while those smaller
than 6 kDa can diffuse into all water compartments of a collagen fibril [27]. The average
molecular size of PVPA reported by the manufacturer (24 kDa) is really a mixture of PVPA
polymers that include some that are smaller and larger than 24 kDa [41]. The smaller molecules
can enter the water compartments of collagen. By cross-linking collagen with EDC, a zero-
length cross-linking agent, we can increase the sieving properties of collagen and trap PVPA
within collagen.

Although the adsorption isotherms generated valuable information on the binding
characteristics of PVPA to collagen, they provided limited information on whether the
equilibrium binding concentration (Bmax) represents the best concentration for mineralization
of collagen fibrils. It is known that only a very small amount of phosphoproteins is required
for regulating mineral deposition during osteogenesis and dentinogenesis [15]. Thus, in the
subsequent part of the study, the approximated PVPA concentration range derived from the
tangent of the high affinity part of the curvilinear Scatchard plot was screened using the single-
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layer collagen mineralization model [31] prior to the translation of the PVPA retention protocol
for practical applications.

Intrafibrillar mineralization contributes significantly to the biomechanical properties of
mineralized collagenous tissues [42]. In natural mineralization, binding of matrix
phosphoproteins to collagen at specific sites such as the gap zones and pores of the fibrillar
assembly is necessary for initiation of intrafibrillar mineralization. Previous studies that
employed phosphoprotein analogs for mineralization of collagen fibrils only resulted in the
deposition of large needle-shaped crystals or large spherical calcium phosphate clusters around
the phosphorylated collagen fibrils [21,43-45]. In those studies, there was no sequestering
mechanism such as the use of polyaspartic acid or PAA for stabilizing the amorphous calcium
precursors in a nanoscale [7,8,46]. As the apatite clusters created were too large to fit into the
body of the collagen fibrils [43-45], no intrafibrillar minerals and banding patterns could be
discerned within the fibrils. Over the last decade, a growing body of evidence emerges
indicating that large single-crystal biominerals are not formed from their ion constituents but
from amorphous precursor phases [47]. Sequestration of liquid-like amorphous mineral
nanoprecursors [48] and self-assembly of nanocrystals into polymer-stabilized mesocrystalline
phases [49] are processes that contribute to the particle-mediated mechanism of
biomineralization [18]. In the present study, this mechanism has been adopted with the use of
two biomimetic analogs to achieve mineralize reconstituted type | collagen fibrils that were
devoid of matrix proteins as well as apatite seed crystallites. The PVPA biomimetic molecules
probably simulate the calcium phosphate binding sites of matrix phosphoproteins and act as
templates for recruiting PAA-stabilized ACP nanoprecursors to the internal water
compartments of the collagen fibrils. Consistent with previous findings, we have been able to
observe electron-dense, nanoprecursors congregating around the periphery of collagen fibrils
at an early stage of mineralization (Figs 5B, 5C). The larger precursors appear to have formed
by the coalescence of multiple smaller nanoprecursors, indirectly substantiating the fluidity of
these amorphous droplets. As these fluidic droplets are mostly smaller than 50 nm in diameter,
they are capable of infiltrating collagen fibrils to fill the gap zones between the collagen
molecules and spaces between the microfibrils. These observations confirm the role played by
amorphous nanoprecursor particles in biomimetic mineralization, and advance our knowledge
on how biomineralization may be biomimetically recapitulated based on the non-classical
crystallization pathway [18,19].

It is interesting that immobilization of 500 and 1000 ug/mL PVPA within the reconstituted
collagen showed more heavily mineralization when compared to immobilization of 200 and
2000 pg/mL PVPA (Figs. 6C, 6D). We speculate that at low PVVPA concentrations (< 500 pg/
mL), the amount of PVPA may not be optimal to induce heavy mineralization of the collagen
fibrils. Conversely, at high PVPA concentrations (>1,000 ng/mL), the analog may act as an
inhibitor instead of a promoter of biomineralization [50]. This illustrates the use of the TEM
grid model for expediting the examination of the optimal concentration range of biomimetic
analogs.

We utilized a zero-length cross-linking agent instead of non-zero-length cross-linking agents
such as glutaraldehyde to augment the size exclusion effect by not introducing additional
extrinsic spacers between the cross-linked collagen molecules. Immobilization of PVPA
molecules via this size exclusion mechanism enables them to function as templates for
nucleation and growth of apatites within the collagen matrices. This provided a plausible
explanation for the observation of mineralized collagen fibrils with cross-banding
characteristic in PVPA-retained collagen (Fig. 7A). It is noteworthy that the nanocrystals
shown in Fig. 7D appear to be much smaller than the apatite platelets deposited in natural
mineralized collagen fibrils. Larger apatite platelets with more definitive SAED apatite ring
patterns were observed from highly electron-dense, banded mineralized fibrils after 72 h of
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mineralization with the same model (unpublished results). Mesocrystals are kinetically
metastable intermediates that fuse to produce a single crystal [49]. We speculate that the
intrafibrillar nanocrystals represent mesocrystalline phases that eventually fuse to produce
apatite platelets [51]. This hypothesis has to be substantiated in future work.

The present study provides a technique for removing a concept-proven templating analog of
matrix phosphoproteins from the mineralization medium by entrapping it within a collagen
matrix based on a size exclusion mechanism. The discovery that cross-linking may be
performed within a short time period (i.e. 5 min) opens new vistas for in-situ applications of
the proposed biomimetic mineralization strategy. Understanding the basic processes in
intrafibrillar mineralization of reconstituted collagen fibrils creates new opportunities for the
design of tissue engineering materials for hard tissue repair and regeneration.
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Fig. 1.

A. Adsorption isotherms showing the binding of different PVPA concentrations to
demineralized collagen matrices in the absence of carbodiimde (EDC) at 1 min (open triangle),
5 min (open circle) and 1 h (open square) at 37°C. Each point represents the mean of triplicate
assays. B. Linear Scatchard plots corresponding to the adsorption isotherms in Fig. 1A.
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Fig. 2.

A. Adsorption isotherms (open designators) and desorption isotherms (solid designators) (500
mM NacCl) for different PVPA concentrations after they were immobilized to demineralized
collagen matrices cross-linked with EDC only (circles), EDC/N-hydroxysuccinimide (NHS;
squares) and EDC/imidazole (Im; triangles) at 37°C. Each point represents the mean of
triplicate assays. B. Scatchard plots corresponding to the isotherms in Fig. 2A.
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Fig. 3.

Desorption isotherms showing the effects of ionic concentration of the environment on
desorption of PVPA from cross-linked collagen matrices. Each point represents the mean of
triplicate assays. A. PVPA was applied for 5 min to the collagen matrices in the absence of
EDC (black solid circles, solid trend line). Without being immobilized within the collagen,
PVPA completely desorbed in the presence of 130 mM and 500 mM NaCl after 24 h and
produced the same (zero) line-plot along the abscissa. B. Collagen was cross-linked with EDC
only for 5 min (black solid circles, solid trend lines). For both cases, the desorption media were:
i) deionized water (open triangles, dotted trend lines); ii) 130 mM NaCl (open rotated squares,
dotted trend lines); and iii) 500 mM NaCl (open squares, dotted trend lines). C. Scatchard plots
corresponding to the isotherms of EDC-cross-linked collagen matrices depicted in Fig. 3B,
with similar group designators.
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Fig. 4.

Infrared spectra of demineralized dentin collagen matrices before (dotted line) and after (solid
line) cross-linking with EDC to immobilize PVPA. Similar results were obtained when EDC
cross-linking of collagen was performed in the presence of N-hydroxysuccinimide and
imidazole (not shown).
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Fig. 5.

A. Stained image of reconstituted type | collagen showing an approximately 76 nm periodicity
(open arrowheads) in fibrils that are larger than 50 nm in diameter. Branching of the fibrils
could frequently be observed (pointer). B. Unstained, P\VPA-immobilized collagen fibril
(arrow) retrieved after 4 h of immersion in the mineralization medium (see text). Electron-
dense nanospheres (pointer) aggregated along the periphery of the unmineralized fibril. C.
Unstained image showing attachment of electron-dense nanospheres along an unmineralized
fibril with a periodicity (arrows) that roughly corresponded with the D-period of a stained fibril.
D. High magnification of the partially coalesced nanospheres (arrow) illustrating the fluidity
of the nanoprecursor phase. Inset: Electron diffraction revealed a diffuse pattern characteristic
of the amorphous nature of the initially formed minerals.
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Fig. 6.

Unstained low magnification TEM images showing the extent of collagen fibril mineralization
within one square frame of a 400-mesh formvar- and carbon-coated grid containing
reconstituted type I collagen fibrils. The grids were all retrieved from the mineralization
medium after 24 h. The black periphery represents the grid bars. A. No mineralization (PVPA
absent). B. Sparse mineralization (collagen cross-linked with EDC to immobilize 4,000 or
8,000 pug/mL PVPA). C. Moderate mineralization (collagen cross-linked with EDC to
immobilize 200 or 2,000 pg/mL PVPA). D. Dense mineralization (collagen cross-linked with
EDC to immobilize 500 or 1,000 ug/mL PVPA).
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Fig. 7.

A. Unstained reconstituted collagen fibrils cross-linked with EDC to immobilize 500-1,000
ng/mL of PVPA within the fibrils and retrieved after incubation in the mineralization medium
for 24 h. Electron-dense intrafibrillar minerals were deposited in a manner that revealed the
periodicity of the fibrils (inset: between open arrowheads). B. Unstained image of the
aggregates depicted by the open arrow in A revealed formation of angular nanocrystals with
roughly hexagonal appearance (open arrowheads). C. Unstained, highly mineralized
reconstituted collagen fibrils that were retrieved after 24 h. Elevations along the periphery of
the mineralized fibril revealed a vague periodicity (open arrowheads). D. Unstained image of
similar mineral fibrils showing the formation of electron-dense nanocrystals within the fibrils.
Internal periodicity could not be identified due to the three-dimensional nature of the fibrils.
Inset: concentric ring patterns with arc-shaped patterns in the (211) plane that are indicative
of the formation of apatite with a regular orientation (i.e. parallel to the longitudinal axis of the
collagen fibril).
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