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Abstract: The nanostructure of bone has been replicated using a polymer-induced
liquid-precursor (PILP) mineralization process. This polymer-mediated crystallization
process yields intrafibrillar mineralization of collagen with uniaxially-oriented
hydroxyapatite crystals. The process-directing agent, an anionic polymer which we
propose mimics the acidic non-collagenous proteins associated with bone formation,
sequesters calcium and phosphate ions to form amorphous precursor droplets that can
infiltrate the interstices of collagen fibrils. In search of a polymeric agent that produces the
highest mineral content in the shortest time, we have studied the influence of various acidic
polymers on the in vitro mineralization of collagen scaffolds via the PILP process. Among
the polymers investigated were poly-L-aspartic acid (PASP), poly-L-glutamic acid
(PGLU), polyvinylphosphonic acid (PVPA), and polyacrylic acid (PAA). Our data indicate
that PASP and the combination of PGLU/PASP formed stable mineralization solutions,
and yielded nano-structured composites with the highest mineral content. Such studies
contribute to our goal of preparing biomimetic bone graft substitutes with composition and
structure that mimic bone.
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1. Introduction

Bone is a composite material composed of collagen and hydroxyapatite (HA) [Ca10(PO4)s(OH),],
which has been highly studied due to its unique mechanical properties and the possibility of creating
synthetic bone substitutes. The structure of bone is arranged in hierarchical levels, described by
Weiner and Wagner [1] as starting from the individual constituents of hydroxyapatite and collagen
fibrils, to the nanostructure of an interpenetrating mineralized collagen network, to the lamellar
microstructure of osteons, to the macrostructure of cancellous and cortical bone. This study focuses on
the nanostructural level, which is comprised of collagen fibrils mineralized with intrafibrillar, [001]
uniaxially aligned platelets of hydroxyapatite nanocrystals [2-4]. There is great interest in developing a
biomimetic method of replicating the bone mineralization process in vitro. One proposed process for
recreating bone structure, called the polymer-induced liquid-precursor (PILP) process, focuses on the
intrafibrillar mineralization of self-assembled collagen arrays, and the evidence suggests that the
mechanism involves an amorphous, liquid-phase mineral precursor. We have proposed that
non-collagenous proteins (NCPs) that are close to the mineralization front play a crucial role in the
biomineralization process of bone by inducing such a precursor pathway [2,5-11].

The extracellular matrix of bone and dentin contains small quantities of NCPs, such as osteopontin,
bone sialoprotein, dentin matrix protein 1, and dentin sialophosphoprotein [12]. These proteins are all
highly anionic due to the prevalence of carboxylate groups on the polyaspartic acid and polyglutamic
acid residues which comprise the protein backbone. Although their exact roles in the mechanisms of
bone and dentin formation are not fully understood, the NCPs are believed to play a crucial role in the
mineralization of bone and dentin. This assertion is supported by studies demonstrating that mutations
in genes that code for these proteins result in abnormal bone and dentin mineralization [13-16].
Extensive study of the NCPs has also determined that some of their functions are dependent on
post-translations modifications (PTMSs), such as phosphorylation of the serine residues, which further
augments their anionic character [17].

Based on evidence from our in vitro studies, we have proposed that these anionic proteins sequester
ions, resulting in liquid-liquid phase separation, as has been observed in our CaCO3; PILP model
system [18,19]. The minor phase consists of metastable, amorphous, liquid-phase nanodroplets that are
a precursor to the more stable amorphous calcium phosphate, and ultimately the crystalline form of
hydroxyapatite. These droplets are referred to as the PILP phase. Due to the fluidic nature of these
droplets, it has been proposed that they are drawn into the interstices of the collagen fibrils by capillary
forces, where they solidify and leave the fibrils embedded with hydroxyapatite nanocrystals [2,20].

Our current in vitro model uses poly-L-aspartic acid (PASP) as a simple polymer to mimic the role
of the acidic proteins present during bone formation. The structure of PASP consists of a carboxylate
group attached to an amino acid backbone by one methylene group. It was selected for the PILP model
system due to the fact that it is one of the two most prevalent amino acids in the NCPs, and is therefore
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suitable as a simple mimic of their functions in biomineralization. The discovery that PASP added to
bone graft substitutes in animal models results in increased bone regeneration sparked further
investigation into its role in the NCPs [21]. Although the mechanism is not fully understood, it was
concluded that PASP serves as a nucleating agent and growth mediator for hydroxyapatite [22].
Studies of PASP with various hydroxylation degrees by Chi et al. demonstrated that the carboxylate
group performs a crucial role as a crystal growth modifier and in directing the synthesis of calcium
phosphate [23]. We offer a different view, that the role of such anionic NCPs in bone formation may
be more related to their ability to direct the crystallization process to where it follows an amorphous
precursor pathway. For example, the use of PASP has enabled intrafibrillar mineralization to be achieved,
yielding nanostructured composites closely resembling the fundamental nanostructure of natural
bone [2,9,20,24-26]. Without the presence of an anionic polymer, mineralization of collagen involves the
heterogeneous nucleation of hydroxyapatite clusters on the surface of the collagen fibrils, which is
drastically different than the structure of natural bone. Characterization of collagen fibrils mineralized
with and without poly-L-aspartic acid clearly illustrates these structural differences [2,20,27]. Although
our results with the PILP process are promising, we have found that thick collagen scaffolds are not
homogenously mineralized, with the outer regions being fully mineralized while the inner regions have
limited depth of mineral penetration. We believe this occurs due to solidification of the metastable
precursor phase once it enters the collagen fibrils, thereby blocking further infiltration of more
precursor phase.

The overall objective of this study was to determine if the use of other anionic polymers with the
PILP model system could increase the homogeneity, kinetics, and quantity of mineralization of
collagen scaffolds. For this study, poly-L-glutamic acid (PGLU), polyvinylphosphonic acid (PVPA),
and polyacrylic acid) (PAA) were selected as the polymers to be used individually, and in combination
with PASP, for the mineralization of collagen scaffolds through the PILP process. The proposed
hypothesis was that the use of different anionic polymers could mimic more efficiently the functions of
the NPCs in biomineralization, resulting in an improved in-vitro mineralization of collagen scaffolds
compared to mineralization with PASP alone.

PGLU was investigated due to its presence as one of the primary residues of the non-collagenous
proteins, as well as its structural similarity to PASP. PGLU differs structurally from polyaspartic acid
only in that it has an additional methylene group separating the carboxylate group from the amino acid
backbone. Studies of the PGLU homopolymer by Garcia-Ramos and Carmona demonstrated its effect
on the nucleation and growth of hydroxyapatite crystals, and the correlation between the polymer
structure and crystal lattice [28]. Our view is that this anionic polymer could behave similarly to PASP
in sequestering mineral ions to form a precursor phase. Other polyelectrolytes that have been used as
biomimetic models of the carboxylated and phosphorylated residues of the NPCs are PAA and PVPA,
respectively. Tay and Pashley utilized these polymers in combination to achieve intrafibrillar and
interfibrillar mineralization of demineralized human dentin. They theorized that PAA serves as a
stabilizer of amorphous nanoprecursors of the calcium phosphate phase, while PVPA facilitated
mineralization by templating the binding to collagen [29,30]. This hypothesis is similar to ours with
respect to nanoprecursors, except they have found that both polymer analogues are required to cause
intrafibrillar mineralization in their system, while we find that PASP alone is effective under our
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reaction conditions. Nevertheless, this prompted us to consider using a combination of polymers to see
if there might be a synergistic effect in our system as well.

The objective of the present study was to investigate the use of various anionic polymers as
process-directing agents in the mineralization of collagen scaffolds via the polymer-induced
liquid-precursor process. In our prior studies, it was observed that the highest degree of mineralization
was obtained with PASP at a concentration of 50 ug/mL, such that the solution remained clear, where
the PILP phase was stabilized as nanodroplets roughly 16 nm [20] in size (too small to scatter light). If
the precursor droplets aggregate/grow into larger precursors, they tend to densify and precipitate out of
solution, and are less effective at mineralizing the collagen. Therefore, to determine which polymer(s)
and concentrations would stabilize and control the dimensions of the calcium-phosphate precursor
droplets, turbidity measurements of the polymer-containing mineralization solutions were obtained.
The polymers forming a stable amorphous precursor phase (i.e., with no solution precipitates) were
subsequently used to mineralize collagen scaffolds. Electron microscopy, wide-angle X-ray
diffraction, and thermal analysis were used to characterize the resulting hydroxyapatite/collagen
structure, mineral content, and mineral penetration depth.

2. Results and Discussion
2.1. Turbidity Assessment of Calcium Phosphate Polymer-Containing Solutions

The time-dependent changes in optical density of the polymer-containing calcium phosphate (CaP)
solutions are shown in Figures 1 and 2, comparing the poly(amino acids) and vinyl polymers,
respectively. Optical density profiles of the solutions were characterized by the increase in turbidity as
precipitation started to occur. CaP solution containing no polymer served as the negative control and
deionized water was used as the baseline. The overall turbidity of the CaP containing 50 pg/mL
polyaspartic acid was lower than that of the control that contained no polymer (Figure 1(A)). The
optical density profiles of PASP-containing solutions showed that both the 14- and 27-kDa molecular
weight polymers yielded stable (non-precipitated) precursor-containing solutions over a seven-day
period. These results were expected based on our prior work with PASP [2,20], and demonstrate the
role of PASP as an inhibitor of apatite nucleation and/or growth. The important point though, is that
while it is inhibiting nucleation/growth of apatite, it is stabilizing the precursor nanodroplets.

Figures 1(B) and 1(C) show the optical density of solutions containing 15- and 30-kDa
polyglutamic acid, respectively. When a concentration range of 50 to 1,000 pg/mL of polyglutamic
acid was analyzed, turbidity measurements for the 15-kDa PGLU were lower than the negative control
at concentrations below 200 pg/mL. Conversely, turbidity results for the other four 15-kDa GLU
concentrations (400, 600, 800 and 1,000 pg/mL) were all higher than that of the control, implying that
the role of polyglutamic acid (Mw 15 kDa) as a promoter or inhibitor of mineral precipitation depends
on its concentration. In the case of the higher molecular weight polyglutamic acid (30 kDa), turbidity
measurements for all concentrations were lower than that of the negative control, suggesting
that 30-kDa PGLU is effective at inhibiting mineral precipitation. Optical density profiles of solutions
containing combinations of PASP and PGLU at 1:1 ratio were also analyzed, and exhibited turbidity
measurements below the negative control (data not shown).
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Figures 2(A) and 2(B) show the optical density profiles for the polyacrylic-acid-containing
solutions. As can be seen from the data, all the turbidity measurements for the 1.8- and 6-kDa PAA
were lower than that of the negative control. All PAA-containing solutions remained stable,
non-precipitated for the seven-day period study. The optical density measurements for the PVPA
solutions are displayed in Figure 2(C), showing that only solutions containing PVPA at 1,000 ug/mL
resulted in no precipitation over seven days. The combination of PVPA and PASP acid did not seem to
decrease turbidity of the solutions, suggesting that the stabilizing role of PASP is hindered by the
presence of PVPA.

Figure 1. Effects of polyaspartic and polyglutamic acid concentrations in a supersaturated
calcium-phosphate (CaP) solution. (A) Optical density profiles of the CaP solutions
containing 50 g/mL of 14 kDa or 27 kDa poly-L-aspartic acid (PASP14 or PASP27,
respectively). (B) Optical density profiles of the CaP solutions containing 0-1,000 pg/mL
15 kDa poly-L-glutamic acid (PGLU15). The lines for concentrations 50-200 pg/mL are
overlapping near the zero value. (C) Optical density profiles of the CaP solutions
containing 0-800 pg/mL 30 kDa poly-L-glutamic acid (PGLU30). The lines for all
concentrations are overlapping near zero.
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Figure 2. Effects of polyacrylic and polyvinyl(phosphonic acid) concentrations in a
supersaturated calcium-phosphate (CaP) solution. (A) Optical density profiles of the CaP
solutions containing 0-500 pg/mL of 1.8 kDa polyacrylic acid (PAA1.8). The lines for all
concentrations are overlapping near zero. (B) Optical density profiles of the CaP solutions
containing 0-1,000 pg/mL of 6 kDa polyacrylic acid (PAA6). The lines for all
concentrations are overlapping near zero. (C) Optical density profiles of the CaP solutions
containing 0-1,000 pg/mL 24 kDa polyvinyl(phosphonic acid) (PVPA24) and a
combination of PVPA24 and PASP14.
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2.2. Mineralization of Collagen Sponges

The polymer-containing CaP solutions with a turbidity profile below that of the negative control (no
polymer additive) were used to proceed with collagen scaffold mineralization. Table 1 summarizes the
polymer combinations, molecular weights, concentrations and pH values of the solutions utilized in
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mineralizing collagen scaffolds. Commercially available collagen sponges (Ace Surgical Supply, Inc.)
composed of reconstituted bovine type-l collagen were used as substrates for the mineralization
experiments. Collagen sponges were mineralized either by the conventional nucleation and growth
method, without polymer additive, or by the polymer-induced liquid-precursor (PILP) process developed
by Gower and coworkers [2,25] using the polymer(s) from Table 1 as the process-directing agents.

Table 1. Polymer combinations, molecular weights, and concentrations utilized in mineralization.

Polymer 1 Concentration Polymer 2 Concentration pH of Solution  pH of Solution
(ng/mL) (ng/mL) atday 0 at day 6

PASP14 50 7.4 7.2
PASP14 50 PGLU15 50 7.4 7.2
PASP27 50 7.4 7.2
PASP27 50 PGLU30 50 7.4 7.2
PGLU15 50, 100, 200
PGLU30 50, 100, 200 - -
PAAL1.8 50 7.3 7.2
PASP14 50 PAAL.8 50

PAAG 50 - -
PVPA24 1,000 7.3 7.0
PASP14 50 PVPA24 1,000

2.2.1. Polyaspartic Acid as Process-Directing Agent

The morphology and elemental composition of each of the mineralized collagen scaffolds was
characterized using scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS). Figure 3 shows scanning electron micrographs (SEM) of the sponge mineralized with
polyaspartate (14 kDa) to induce the PILP process. The mineralized collagen took on a distinctly
different appearance, with physical changes evident even at the macroscopic level. Differences could
be seen in the color and rigidity of the sponges, which became white and stiff (while still in solution)
as they mineralized. Microscopically, mineralized collagen sponges showed a fibrillar morphology
which was very different than the amorphous, gel-like topography of untreated specimens
(Figure 4(A)). Mineralized collagen samples developed a pronounced fibrous and rough texture
(Figures 3(A) and 3(B)) with no evidence of surface deposits of mineral clusters, as seen in the control
reaction (Figure 4(B)). It is interesting to note that something about the mineralization reaction brings
out the fibrous texture of the collagen. One possible explanation is that the amorphous gelatinous
constituents might dissolve during the time for mineralization. Alternatively, something about the
PILP reaction media may cause further fibrillogenesis. The second explanation is supported by the
observation that the fibrils have quite large diameters, ranging from a couple hundred nanometers to
micron size. This seems to suggest that the PILP media has caused further assembly of multiple
collagen fibrils. Figures 3(D) and 3(E) show the inner region of the collagen sponge after three days of
reaction. The interior of the sponge (which is 3 mm thick) was obtained by the freeze-fracture
technique. The interior of the sponge exhibited a fibrillar and nodular morphology looking slightly
different than the topology of the surface.
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Figure 3. High and low magnification SEM images and EDS of the surface and
inner-sections of PILP-mineralized collagen samples using 14-kDa poly-L-aspartic acid as
the polymer directing agent. (A, B) SEM and (C) EDS of the surface of a mineralized
collagen sponge treated with PILP solution containing 50 pg/mL PASP for 3 days.
(D, E) SEM and (F) EDS of the inner-section of a mineralized collagen sponge treated with
PILP solution containing 50 pg/mL PASP for 3 days. (G, H) SEM showing the inner-section
of a mineralized collagen sponge treated with PILP solution containing 50 pg/mL PASP
for 6 days. The external surface had the same appearance. (I) Corresponding EDS plot of
the inner-section of PILP mineralized sample after 6 days.
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Figure 4. High-magnification SEM and EDS of the surface of collagen sponges.
(A) Untreated, non-mineralized collagen sponge. (B) Collagen sponge mineralized via the
conventional crystallization process, with no polymer additive.

From previous studies [20], we correlate the fibrillar structure to a more advanced degree
mineralization, and the nodular structure to a lower mineral content. At the initial stages of
mineralization, collagen fibrils are not fully mineralized and the observed nodules represent the areas
within the fibril where mineral is present. Mineral infiltrating the collagen fibril displaces water within
the fibril. When samples are dehydrated for SEM examination, the fibril areas infiltrated by the
mineral maintain their shape while areas with no mineral collapse, giving the sample a nodular
appearance. Once the collagen substrate reaches a high mineral content, mineral penetration
throughout the fibril is more homogeneous. When fibrils are fully mineralized, they maintain their
shape after dehydration and the nodular structure is no longer observed. In addition, samples from the
exterior of the scaffold appeared to have a rough texture, indicating that mineralization might be
occurring on the outside of the fibrils as well. These differences in morphology illustrate the
progressive intra- and inter-fibrillar mineralization of the samples, where inter-fibrillar mineralization
often occurs after the fibrils have become well infiltrated with mineral [27]. EDS data, shown in
Figures 3(C) and 3(F), corroborate the observations made from the morphology analysis. Calcium and
phosphorous signals were present on the surface of the scaffolds as well as on the inside, but a lower
signal intensity of the elements was observed on the inside of the sponge. When more time was allowed
for the collagen sponge to become mineralized (6 days), no differences were observed between the
surface and the inner regions of the mineralized scaffold (Figures 3(G—1) show the inner region).

When collagen samples were mineralized using the higher molecular weight PASP27 to induce
PILP mineralization, the fibrillar structure was observed on the surface as well as on the inner regions
of the sponges after three days of reaction (Figures 5(A) and 5(B)). The exterior looked similar to that
produced with the PASP14 (Figure 3(A,B)), while the interior seemed to be more uniformly
mineralized throughout the fibrils than the interior of the PASP14 (Figures 3(D,E)). Also, EDS
analysis determined that the collagen fibrils contained a high amount of calcium and phosphorous
when compared to the carbon peak at around 0 keV (Figure 5(C), right). These results were expected
since previous studies have shown that higher molecular weight polyaspartic acid appears to stabilize
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the precursor in the form of nanodroplets that more effectively mineralize the collagen compared to
polyaspartates with lower molecular weights [20].

Figure 5. SEM/EDS and TEM micrographs of PILP-mineralized collagen samples
using 27-kDa poly-L-aspartic acid as the polymer directing agent. SEM of the surface (A)
and the inner-section (B) of a mineralized collagen sponge treated with PILP solution
containing 50 g/mL PASP27 for 3 days. (C) EDS of the inner-section of a mineralized
collagen sponge treated with PILP solution containing 50 pg/mL PASP27 for 3 days.
(D) Bright- and (E) Dark-field TEM micrographs of an isolated PILP-mineralized collagen
fibril. Bar = 100 nm. The dark-field image was constructed by selecting the (002) arc with
the objective aperture from the SAED pattern shown in (F).

Transmission electron microscopy (TEM) analysis was also used to verify that the mineralized
collagen fibrils contained a high degree of intrafibrillar mineral. Bright-field, dark-field and selected
area electron diffraction (SAED) modes were used to determine the orientation and phase of the
calcium phosphate crystals present in the PILP-mineralized specimens. TEM sample preparation
consisted of crushing mineralized collagen sponges in liquid nitrogen to isolate individual fibrils.
Figures 5(D) and 5(E) show TEM bright-field and dark-field images of an isolated fibril, respectively.
It should be noted that none of the TEM samples were stained with phosphotungstic acid or any other
electron-dense stain. Therefore the dark contrast observed in the bright-field image is due to the
presence of mineral embedded within the fibril. The fibril in Figure 5(D) looks highly mineralized,
which is further corroborated by the dark-field TEM mode of the same fibril, which shows numerous
crystals aligned within the fibril (Figure 5(E)). Although a banding pattern can sometimes be seen in
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lightly mineralized fibrils, it becomes less distinct when there is a high degree of mineralization, as is
the case here. SAED was performed on individual fibrils to assess the crystallographic orientation of
the intrafibrillar hydroxyapatite crystals (Figure 5(F)). The SAED pattern of the collagen fibril shown
in Figure 5(D) demonstrates that the orientation of the hydroxyapatite platelets is in the [001] direction
parallel to the long axis of the collagen fibril. In addition, the SAED pattern looks similar to that of
native bone [4,24], where tilting and rotational disorder of the crystals create arcs for most of the
planes [20,24].

2.2.2. Polyglutamic Acid or Combinations with Polyaspartic Acid as Process-Directing Agent

A comparison of the differences observed macroscopically among the collagen sponges mineralized
using different polymers as process-directing agents is shown in Table 2. Sponges that were rigid and
white upon collection indicated a high content of mineral, while sponges that did not hold their shape
and were translucent upon collection indicated that there was little to no mineral present in the sample.
When collagen sponges were mineralized with different molecular weights of polyglutamic acid at
concentrations of 50, 100 and 200 g/mL, we noted that precipitation of the mineralization solutions
was observed after two days of reaction. These results contradicted the optical density measurements
since turbidity profiles for PGLU concentrations below 200 pg/mL (without the collagen sponge) did
not differ from that of the baseline signal of deionized water. The morphology of collagen scaffolds
mineralized using PGLU was very similar to the morphology of collagen mineralized via the
conventional solution crystallization reaction with no polymer additive. Spherulitic clusters of
hydroxyapatite crystals were found randomly distributed along the surface of the collagen substrate
treated with PGLU (Figure 6(A)). In addition, the EDS spectrum for PGLU treated samples did not
show strong calcium and phosphorous peaks (Figure 6(B)).

Table 2. Physical observations of samples upon collection.

Polymer Combination Sponge at Collection

PASP14 Rigid, white

PASP27 Rigid, white

PGLU15 Didn’t hold shape, translucent (solution precipitated)
PGLU30 Didn’t hold shape, translucent (solution precipitated)
PASP14 — PGLU15 Rigid, white

PASP27 — PGLU30 Rigid, white

PAAL.8 Didn’t hold shape, translucent

PAA1.8 - PASP14 Didn’t hold shape, translucent

PAAG Didn’t hold shape, translucent

PVPA24 Didn’t hold shape, translucent

PVPA24 — PASP14 Didn’t hold shape, translucent
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Figure 6. High-magnification SEM of PILP-mineralized collagen samples using
poly-L-glutamic acid (30-kDa), and combinations of PASP and PGLU as the
process-directing agents. SEM (A) and EDS (B) of the surface of mineralized collagen
sponge treated with PILP solution containing 50 pg/mL of PGLU3O0 for 6 days. Spherulitic
clusters of hydroxyapatite are observed on the surface of collagen sponges treated with
PGLU30 (arrows). (C—F) Comparison of low versus high molecular weight combinations.
(C) SEM showing the inner-section of mineralized collagen sponge treated with PILP
solution containing 50 pg/mL PASP14 and 50 pg/mL of PGLU15 for 3 days, and
(D) for 6 days; (E) SEM of the inner-section of sample treated with PILP solution
containing 50 pg/mL of PASP27 and 50 pg/mL of PGLU30 for 3 days, and (F) for 6 days.
(G) Bright- and (H) dark-field TEM micrographs of a PILP-mineralized collagen fibril using
the PASP27/PGLU30 combination. Inset: SAED pattern of mineralized fibril shown in (G).

21
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Figures 6(C-F) show SEM images of the inner-sections of PILP-mineralized collagen samples
using combinations of poly-L-aspartic and poly-L-glutamic acid as the process-directing agents. The
images are all taken from the inside of the samples to demonstrate that the mineralization was not only
near the surface of the scaffold, but penetrated the entire thickness of the sample. The mineralized
collagen sponges treated with PGLU-PASP presented a morphology similar to the samples treated with
the high molecular weight PASP, where a fibrillar structure was observed with no difference between the
inside and outside (not shown) of the sample. In addition, several of the samples appeared to have a
rough surface indicating that mineralization might be occurring on the outside of the fibrils as well. The
EDS spectrums for PGLU-PASP treated samples showed strong calcium and phosphorous peaks, which
are consistent with the high degree of mineralization (data not shown). Figures 6(G) and 6(H) show TEM
bright- and dark-field images of a mineralized collagen fibril treated with the PGLU-PASP
combination. As in the case of fibrils mineralized with PASP alone, the high z-contrast observed in the
TEM image could be attributed to the presence of hydroxyapatite crystals embedded within the
collagen fibril. Also, the SAED pattern of the mineralized fibril (Figure 6(G), inset) shows an
orientation of the HA crystals very similar to bone’s, which are illuminated in the dark-field image.

2.2.3. Polyvinylphosphonic or Polyacrylic Acid as Process-Directing Agent

Regarding polyvinylphosphonic and polyacrylic acid as process-directing agents, the PVPA and
PAA treated samples showed little to no mineral content, illustrated by a mixture of fibrous and
amorphous appearing collagen (Figure 7(A)), which had a drastically different appearance than that of
the mineralized fibrils of the PASP and PASP-PGLU samples. The EDS spectrums for these samples
showed insignificant calcium and phosphate peaks, indicating a low mineral content. To determine if
the use of PASP could enhance the mineralization of collagen when using PVPA and PAA, a
combination of the polymers was used as the process directing agent. Figure 7(B) shows SEM of the
surface of a collagen sponge mineralized using a combination of PVPA and PASP. The mixture of
polymers did not improve the mineralization of collagen, as it did for the case of the polyaspartic and
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polyglutamic acid mixture. The topology of the PVPA-PASP treated sample was similar to the sample
treated with just PVPA, although there appears to be less amorphous collagen. The EDS spectra for
PVPA-PASP treated samples showed very low levels of calcium and phosphorous, with an
insignificant Ca peak and a small P peak, which is probably from the PVPA (Figure 7(C)).

Figure 7. High-magnification SEM and EDS of the surface of PILP-mineralized collagen
samples using 24-kDa polyvinylphosphonic acid (PVPA), and a combination of PVPA and
PASP as the polymer directing agents. (A) SEM showing the surface of a mineralized
collagen sponge treated with PILP solution containing 1,000 pg/mL PVPA for 6 days.
(B) SEM showing the surface of a sample treated with PILP solution containing a
combination of 1,000 pg/mL PVPA and 50 pg/mL 14-kDa PASP for 6 days.
Corresponding (C) EDS of the surface of mineralized collagen sponge treated with the
PILP solution using the combination of PVPA and PASP for 6 days.

2.3. Wide Angle X-ray Diffraction (WAXD) Analysis

The wide angle X-ray diffraction (WAXD) results for each of the samples are shown in Figure 8. The
sponges mineralized with 50 pg/mL PASP at both molecular weights, as well as the higher and lower
molecular weight combinations of 50 ug/mL PGLU with 50 pg/mL PASP, show peaks characteristic of
hydroxyapatite. In past studies, undesirable calcium phosphate mineral phases, such as brushite, have
occasionally been observed in mineralized collagen scaffolds, but the WAXD data showed that none of
the samples from this investigation exhibited those phases. After 3 days of reaction, broad peaks of
hydroxyapatite were observed at around 26 “and 32< corresponding to the (002) and the combination of
overlapping (211), (112), (300) peaks, respectively (Figures 8(A) and 8(B)). The phase can be further
verified correlating the spacings and angles in the SAED patterns, as described in our prior report [2].
This WAXD pattern of PILP mineralized collagen using PASP or the combination of PASP and PGLU
exhibits similar peak widths to those seen in the WAXD patterns of bone. The (211), (112), (300) peaks
of carbonated hydroxyapatite in bone are normally overlapped into one broad peak due to the extremely
small crystal size and defects such as carbonate, impurities and calcium vacancies [31-36].
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Figure 8. XRD curves of native bone, untreated collagen and PILP mineralized collagen
samples using different polymer directing agents. Dashed lines are at 26 and 32 degrees.
(A) XRD curves of mineralized collagen sponges treated with a PILP solution
containing 50 pg/mL of 14-kDa or 27-kDa poly-L-aspartic acid (PASP) for 3 days.
(B) Collagen sponges treated with mineralization solution containing a mix of polyaspartic
and polyglutamic acid (PGLU): 50 jg/mL of 14-kDa PASP plus 50 pg/mL 15-kDa PGLU
or 50 pg/mL 27-kDa PASP plus 50 pg/mL 30-kDa PGLU for 3 days. (C) Collagen sponges
treated with mineralization solution containing 1,000 g/mL of 24kDa PVPA, or a mix of
PVPA and PASP: 50 pg/mL of 14-kDa PASP plus 1,000 pg/mL PVPA for 3 and 6 days.
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The remainder of the collagen scaffolds showed no mineral presence even after six days of
mineralization. The nodular and fibrillar appearance, combined with the EDS results and WAXD
analyses, correlate to the presence of hydroxyapatite in the samples after three days of mineralization
with PASP and the PASP-PGLU combination. Furthermore, given that hydroxyapatite clusters were
not observed on the surface of collagen sponges, as seen in samples treated without the polymer
additive, the large calcium and phosphorous peaks of the EDS spectra indicate that the mineral must be
within the scaffold. The broad WAXD peaks, along with the TEM analysis, suggest that the majority
of the hydroxyapatite crystals are embedded within the collagen fibrils (intrafibrillar), which is further
supported by the TG/DTA data discussed below.

2.5. Thermogravimetric and Differential Thermal Analysis (TG/DTA)

Following examination of the hydroxyapatite mineral using WAXD, the amount of mineral was
determined using thermogravimetric analysis (TGA). Figure 9 shows a drastic difference in mineral
content between the samples mineralized using PASP alone or the PASP-PGLU combination, both of
which had approximately 50% (w/w) mineral after 3 days, compared to the PVPA and PAA samples
with 5 and 0% mineral (not shown), respectively. After six days of mineralization, the PASP and
PASP-PGLU samples exhibited very high mineral content at around 60 to 65% (w/w) mineral, but
there was not a distinguishable difference between the mineralization using polyaspartic acid alone
compared to polyaspartic in combination with polyglutamic acid. The mineral content increase could
be correlated to the mineralization progression through to the inner regions of the scaffold, as observed
in the SEM images described earlier. We presume the increased mineralization relies on the time it
takes for the amorphous precursor nano-droplets to diffuse through solution before they can reach the
collagen scaffold and then absorb into the collagen fibrils.
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Figure 9. Mineral content of collagen sponges mineralized via the polymer-aided process.
PILP-mineralized collagen samples treated with 50 pg/mL poly-L-aspartic acid, 50 g/mL
poly-L-glutamic acid, 1,000 pg/mL polyvinylphosphonic acid or a combination of
polymers for 3 and 6 days. Total percent of mineral present in the samples was determined
using thermogravimetric analysis. A heating rate of 5 <C/min was applied in the temperature
range of 30-800 <C under air at a flow rate of 100 mL/min. To compare the degree of
mineralization, the material remaining at 600 <C was interpreted as the mineral content
since the organic portion of the samples should be totally combusted by 600 <C in an
oxygen-containing environment.
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In addition to TGA, differential thermal analysis (DTA) of the mineralized collagen sponges was
performed. Thermal stability of collagen is affected by the presence of intrafibrillar mineral, and it can
be observed by changes of the DTA peaks. Figure 10 displays the DTA curves for untreated and
PILP-mineralized collagen sponges. 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 <TC correspond to collagen combustion [38]. In the case of the untreated collagen sponge,
the high temperature peak observed at around 500 <C is typical of non-mineralized collagen and is
found in both biological and reconstituted collagen [38,39]. On the other hand, DTA measurements for
the PILP-mineralized specimens showed a shift of the high temperature combustion peak to lower
temperatures of approx. 320 <C. The altered thermal behavior of the mineralized specimens is
comparable to the thermal behavior of collagen in bone and dentin, showing very similar DTA
peaks [38]. This change in thermal stability is thought to be attributed to the intimate structural
relationship between hydroxyapatite and the collagen fibrils, as seen in native bone and dentin.
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Therefore, thermal analysis of PILP mineralized specimens is another tool (in addition to TEM
analysis) for discriminating intrafibrillar mineralization, where hydroxyapatite crystals embedded
within the fibrils are intimately associated and alter its thermal stability.

Figure 10. DTA curves of collagen sponges mineralized via the polymer-aided process.
PILP-mineralized collagen samples treated with 50 pg/mL poly-L-aspartic acid or
combinations with poly-L-glutamic acid for 3 days show a shift in the thermal
decomposition profiles to lower values (320, as compared to the untreated collagen
sponge (5009.
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The discrepancies in mineral content and degree of mineralization observed in collagen sponges
mineralized with different polymers could possibly be explained by full inhibition of the formation of
the amorphous precursor [23], or by variations of the physicochemical characteristics of the precursor.
The use of polyvinylphosphonic acid and polyacrylic acid in stable solution concentrations, as
observed by the optical density profiles, resulted in little to no mineralization of the collagen scaffolds
and inhibited mineralization when used in combination with polyaspartate. This may suggest that the
inhibitory activity of these polymers was too large, which even inhibited the formation of the
amorphous precursor, particularly for the case of the PVPA, which was added at very high
concentration (where we were striving to form a stable solution). Unfortunately, PVPA did not behave
as a functional biomimetic analogue of phosphorylated proteins under the conditions studied. Other
possible explanations include: (1) PVPA containing a phosphonate group rather than phosphate, (2) no
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linker between the phosphonate and the polymer backbone compared to the CH,-O— linker in
phosphorylated serine, (3) hydrophilicity difference between the backbone of vinyl polymers and the
amide backbone in proteins, and (4) changes in the isoelectric point of collagen due to electrolyte
condition differences in the presence of the polymer [40]. In contrast, Kim et al. found that a
combination of PVPA and PAA, the two polymers that didn’t work here, worked well in their system,
which utilized a different approach to generating the reactant ions (calcium release from a Portland
cement-containing resin composite combined with a phosphate-containing fluid) [30]. Thus, it seems
that a synergistic effect can only be obtained with a certain set of reaction conditions.

Although polyacrylic acid has been used as an analog of the carboxylated residues of NCPs [29,37],
it did not yield mineralization of the collagen substrates under the conditions tested in this study.
Differences in molecular weight and in ion concentrations might explain these results, where the
molecular weights used in these studies were on the low side (1.8 and 6-KDa). The polymer net
surface charge could change as the molecular weight changes, affecting the amorphous precursor
formation. Furthermore, alterations in the formation of amorphous precursor, including size and
surface charge, could influence its infiltration within the collagen matrix. Polyglutamic acid alone did
not produce mineralization of collagen sponges, while the addition of poly-L-aspartic acid with
poly-L-glutamic acid yielded intra- and inter-fibrillar mineralization of collagen sponges. An
advantage of using a mixture of the polyelectrolytes over polyaspartate alone could not be determined
from these results.

2.6. Mineralization of Rat Tail Tendon and Demineralized Manatee Bone

Previous studies have demonstrated that it is difficult to reach large depths of penetration into
denser scaffolds that are mineralized through the PILP process. Therefore, dense collagen scaffolds,
such as rat tail tendon and demineralized manatee bone, might be expected to show a distinguishable
difference between mineralization using PASP versus PASP in combination with PGLU. The manatee
bone was pre-treated in an EDTA solution to remove the native mineral that was present in the
samples. SEM and TGA experiments were performed to analyze the surface morphology and mineral
content, respectively. The results shown in Figure 11 are fairly narrowly distributed with a mineral
content of 65% (w/w) and 35% (w/w) for the rat tail tendon (Figure 11(A)) and the demineralized
manatee bone substrates (Figure 11(B)), respectively. The polyaspartic acid alone appears to have
been a little more effective in both systems.

The amount of mineral present in the rat tail tendon samples represented the maximum amount of
mineral available in the PILP solution. Conversely, the mineral content for the remineralized manatee
bone samples was small and below the theoretical value for cortical bone [1,41,42], even though
enough mineral was available in the PILP solution to restore the mineral value of bone. It is possible
that the collagen is crosslinked in the bone specimen, which may make it more difficult to mineralize.
In any case, no significant improvement in the mineral content of the dense scaffolds was observed by
the addition of polyglutamic acid. Although polyaspartic and polyglutamic acid constitute the two
primary residues of non-collagenous proteins, using both polyelectrolytes to induce the PILP process
did not enhance the mineralization of collagen in vitro, at least not under the conditions employed.
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Figure 11. Mineral content of biological, dense collagen scaffolds mineralized via the
PILP process. (A) Rat tail tendons mineralized with 100 pg/mL poly-L-aspartic acid or a
combination of polyaspartic and polyglutamic acid for 7 days. SEM micrographs of tendon
fibers mineralized with (B) 50:50 PASP14/PGLU15 and (C) PASP27. (D) Demineralized
manatee bone specimens mineralized with 100 pg/mL poly-L-aspartic acid or a
combination of polyaspartic and polyglutamic acid for 14 days. SEM micrographs of
manatee bone remineralized with (E) 50:50 PASP27/PGLU30 and (F) PASP27.
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3. Conclusions

In this study, different polyanionic polymers, namely poly-L-glutamic acid, polyvinylphosphonic
acid, polyacrylic acid, and combinations of these with poly-L-aspartic acid were analyzed concerning
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their mineralization-mediating abilities on collagen sponges. The use of PVPA and PAA in stable
(non-precipitating) concentrations in the reactant solutions resulted in little to no mineralization of the
collagen scaffolds, and inhibited mineralization when used in combination with PASP.

The study also revealed that mineralization of collagen sponges was only obtained when using
poly-L-aspartic acid, or combinations of it with different ratios of poly-L-glutamic acid. PGLU alone
did not yield mineralization of the collagen sponges, but combinations of PGLU and PASP yielded
scaffolds with high mineral content (65% w/w). A distinguishable improvement in collagen
mineralization from using PASP and PGLU combinations versus using PASP alone could not be
determined, even when dense collagen substrates such as rat tail tendon and demineralized manatee
bone were used. These results demonstrate that 27-KDa poly-L-aspartic acid alone, under this set of
in vitro mineralization conditions, was the most successful at mimicking the role of the acidic proteins
present during bone formation.

4. Experimental Section
4.1. Turbidity Assessment of Calcium Phosphate Polymer-Containing Solutions

The effects of different concentrations and molecular weight of four polymer additives in the
stability of the calcium phosphate amorphous precursor was examined. Poly-L-aspartic acid sodium
salt (Mw: 14,000 and 27,000 Da; Alamanda Polymers, Huntsville, AL) at a 50 pg/mL concentration;
poly-L-glutamic acid sodium salt (Mw: 15,000 and 30,000 Da; Alamanda Polymers, Huntsville, AL)
at 50, 100, 200, 400, 600, 800 and 1,000 pg/mL concentrations; polyacrylic acid (1,800 and 6,000 Da;
Sigma, St. Louis, MO) at 50, 100, 200, 500 and 1,000 pg/mL concentrations; polyvinyl phosphonic
acid (24,000 Da; Polysciences, Warrington, PA) at 50, 100, 200, 500 and 1,000 pg/mL concentrations;
and combinations of polyaspartic acid with all the other polymers were examined. Solutions of 4.5 mM
CaCl,*2H,0 (Sigma, St. Louis, MO), 2.1 mM K;HPO, (Sigma, St. Louis, MO), 0.02% (w/v) sodium
azide (Sigma, St. Louis, MO) and polymer in Tris buffer saline (TBS) were prepared in 20 mL
amounts. The polymer combinations, concentrations, and molecular weights were varied for each of
the solutions while all other conditions were held constant. The solutions were placed in an incubator
at 32 <C for a seven day period, and optical density measurements at a fixed wavelength of 650 nm
were taken at 2 hours, 24 hours, 4 days, and 7 days. The solution conditions which remained stable
(did not precipitate) over the seven day period were used to mineralize collagen scaffolds.

4.2. Mineralization of Collagen Sponges

Synthetic collagen sponges were purchased from Ace Surgical Supply, Inc. (Brockton, MA). The
collagen sponges had a rectangular shape of 40 <20 mm and 3-mm thickness. According to the
company specifications, collagen sponges were composed of reconstituted type-I collagen from bovine
tendon and had 90% porosity. Prior to mineralization, samples were prepared by cutting the collagen
sponges into a 10 > 10 mm square shape and pre-washing them with de-ionized (dH,O) water to
remove any salts or chemical agents introduced during fabrication. Sponge scaffolds were mineralized
with calcium phosphate (CaP) via the polymer-induced liquid-precursor (PILP) process. In this study,
the mineralization solution was prepared by mixing equal volumes of 9 mM CaCl,*2H,0 and 4.2 mM
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K2HPO, solutions. To maintain the pH of the mineralization solution at 7.4, calcium and potassium
solutions were made in Tris-buffered saline (TBS).

Poly-aspartates with different molecular weights were used as the PILP process-directing agent at
a 50-ug/mL concentration. Polyglutamic (50, 100, 200 pg/mL), polyacrylic (50 pg/mL), and polyvinyl
phosphonic acid (1,000 pg/mL), as well as combinations of these polymers with polyaspartic
acid (50 pg/mL), were also used to mineralized collagen sponges. The polyelectrolyte or combination
of polyelectrolytes was added to 250 mL of calcium solution before mixing an equal volume of the
phosphate counterion solution. Collagen sponges were incubated in the mineralization solution under
vacuum conditions for 30 minutes to remove any air bubbles trapped in the pores of the sponge. After
degassing the samples, the mineralization reaction was kept in a 37 <C oven to emulate physiological
conditions. A control reaction, with no polymer additive, was run for each set of experiments. At
predetermined reaction times, mineralized samples were removed from the solution, copiously washed
with de-ionized water, lyophilized and stored at —20 <C until use.

4.3. Wide Angle X-ray Diffraction (WAXD) Analysis

WAXD analysis was used to determine the crystallographic phase of the samples (untreated and
mineralized). To observe the major hydroxyapatite peaks, which develop at around 26 <(002) and 32°
(combination of (211), (112) and (300)), the samples were scanned with Cu-Ko X-ray radiation from a
Philips XRD ADP 3720 Diffractometer at 40 KV and 20 mA, using a step size of 0.016 mrad/s with a
time of 1.25 s/step, over a 260 range of 24-406.

4.4. Scanning Electron Microscopy (SEM) Analysis

Lyophilized samples were mounted on an aluminum stub covered in double-sided copper tape, and
then sputter coated with amorphous carbon. The surface morphology of mineralized samples was then
analyzed using a 6400 JEOL SEM instrument equipped with an energy dispersive spectrometer, at an
accelerating voltage of 15 kV. For elemental analysis of mineralized samples, energy dispersive x-ray
spectroscopy (EDS) analysis was done during SEM examination.

4.5. Transmission Electron Microscopy (TEM) Analysis

Nano-structural analysis of mineralized samples was performed on a 200CX JEOL TEM instrument
with an accelerating voltage of 200 kV. To determine the crystallographic orientation of the embedded
hydroxyapatite nanocrystals, bright field (BF) and selected area electron diffraction (SAED) modes
were used. For TEM analysis, samples were pulverized in liquid nitrogen, dispersed in methanol and
added dropwise onto a copper TEM grid.

4.6. Thermogravimetric and Differential Thermal Analysis (TG/DTA)

To determine the degree of mineralization of the samples, TG/DTA analyses were conducted using
a TG/DTA 320 (Seiko, Thermo Haake, Germany) instrument. A heating rate of 5 <T/min was applied
in the temperature range of 30—800 <C under air at a flow rate of 100 mL/min. For TG/DTA analysis,
samples were pulverized with a mortar and pestle while frozen in liquid nitrogen, and then air-dried
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for 24 hours. The amount of sample examined was between 10-20 mg and alumina powder was used
as the standard. To compare the degree of mineralization, the material remaining at 600 <C was
interpreted as the mineral content since the organic portion of the samples should be totally combusted
by 600 <C in an oxygen-containing environment.

4.6. Mineralization of Rat Tail Tendon and Demineralized Manatee Bone

Rat tail tendons were harvested from 3-month-old Sprague Dawley rats. Manatee bone samples
were kindly donated by J. Mecholsky from the Department of Materials Science and Engineering at
the University of Florida. The samples used were rib bones composed of solid cortical bone [43,44].
Prior to demineralization, bone samples were cut into rectangular strips of 40 <3 < 0.5 mm using a
wet diamond saw (Exakt Technologies, Hamburg, Germany). Demineralization of bone pieces was
carried out in a 0.5 M EDTA solution (Acros Organics, Morris Plains, NJ, pH adjusted to 8.0 with
NaOH) containing 0.02% (w/v) sodium azide (Sigma, St. Louis, MO) to avoid bacterial
contamination. Bone pieces as well as tendons were incubated in the demineralization medium while
stirring at room temperature for 72 hours. After demineralization, samples were taken out from the
demineralization solution, washed six times with large amounts of ultrapure water to remove all traces
of EDTA, lyophilized and stored at —20 <C until use.

Rat tail tendon and demineralized bone samples were mineralized with calcium phosphate (CaP) via
the polymer-induced liquid-precursor (PILP) process. The same recipe for the mineralization solution
applied to collagen sponges was used for the natural scaffolds. To determine the influence of using a
mixture of polyaspartate and polyglutamate in the mineralization of collagen, 27-KDa poly-aspartic
acid and combinations of low and high molecular weights of polyaspartic and polyglutamic acid were
used as the PILP process-directing agent at a 100-pg/mL concentration. Substrates were incubated in
the mineralization solution under vacuum conditions for 30 minutes to remove any air bubbles
potentially trapped in the pores of the specimens. After degassing the samples, the mineralization
solution was kept in a 37 <C oven to emulate physiological conditions. A control reaction, with no
polyaspartate additive, was run for each set of experiments. After seven days, mineralized samples
were removed from the solution, copiously washed with de-ionized water, lyophilized and stored
at —20 <C until further use.
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