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Abstract

Inspired by nature, poly(acrylic acid) (PAA) and other polyelectrolytes have been used as 

noncollagenous proteins (NCPs) surrogates for biomimetic intrafibrillar mineralization of collagen 

fibrils and thus, to model the ultrastructure of bone, to study the mechanism of bone 

mineralization and, more scarcely to fabricate scaffolds for hard tissue engineering. The objective 

of this study was to systematically investigate the effect of the molecular weight (MW) and the 

concentration of PAA on the rate and pattern of biomineralization of collagen matrices. Densified 

type I collagen films were mineralized in supersaturated PAA-stabilized amorphous calcium-

phosphate (PAA-ACP) solutions containing increasing MW (2 kDa, 50 kDA, 450 kDa) and 

concentrations (10, 25, 50 mg/L) of PAA up to 7 days. The stability and physical properties of 

collagen-free PAA-ACP solutions were also investigated. In our system, lowering PAA MW and 

increasing PAA concentration resulted in solutions with increasing stability. Over stable PAA-ACP 

solutions that fully inhibited mineralization of the collagen matrices were achieved using PAA 
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2k-50. Conversely, unstable solutions were obtained using high PAA MW at low concentrations. 

Nucleation and growth of significant amount of extrafibrillar minerals on the collagen fibrils was 

obtained using these solutions. In a wide range of combined MW and concentration of PAA we 

obtained intrafibrillar mineralization of collagen with hydroxyapatite crystals aligned parallel to 

the collagen fibril as in natural tissues. Intrafibrillar mineralization was correlated with PAA-ACP 

stability and growth of the PAA-ACP particles in solution. Our results support using PAA to 

surrogate NCPs function as selective inhibitors or promoters of biological mineralization and 

provide parameters to manufacture new biomimetic scaffolds and constructs for bone and dentin 

tissue engineering.
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1. Introduction

Bone is a natural organic-inorganic hybrid composite with unique hierarchical structure and 

mechanical properties1–3. The basic building block of bone is a mineralized nanostructure 

which is comprised of collagen fibrils with platelets of carbonated hydroxyapatite (HAp) 

nanocrystals. HAp nanocrystals in bone are around 2–6 nm thick, 30–50 nm wide, and 60–

100 nm long4 with their c-axis preferentially aligned with the long axis of the collagen 

fibrils, leading to an interpenetrating organic-inorganic nanocomposite2, 5–6. The highly 

ordered structure of intrafibrillar mineralization at the nanoscale is considered the 

foundation of the biomechanical properties of bone6–7.

Even though the nanostructure and hierarchy of bone are well understood, the process by 

which minerals precipitate within the collagen fibril is still under debate. Ex vivo 
observations of bone formation have demonstrated that the mineral associates with collagen 

at an early stage in a transient metastable amorphous calcium phosphate phase (ACP)8–10. It 

has been proposed that ACPs are delivered to collagen at the bone growing front and 

infiltrate into the fibril interstices where they transform into apatite crystals9. However, 

collagen fibrils cannot initiate and mediate this organized calcium phosphate mineralization 

when only mineralizing ions or simulated body fluids are used as the reaction media11–14. 

The intrafibrillar mineralization of collagen is believed to be regulated through interactions 

between the ACPs with the collagen matrix and noncollagenous proteins (NCPs). NCPs are 

intrinsically-disordered proteins that can sequester ions in solution to form stabilized ACPs 
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that mediate bone mineralization. Many of the NCPs are highly negatively charged with 

abundant carboxylate groups from aspartic and glutamic acid residues and/or phosphorylated 

amino acids, such as phosphoserine15–16. Although the specific role of each NCP in bone 

mineralization is still under debate, mineralization studies using NCPs have indicated that 

they have multiple potential roles as nucleators, inhibitors, growth modifiers, anchoring 

molecules, or scaffolds for mineral deposition8, 17–23. These studies have also suggested that 

the degree of phosphorylation of NCPs plays a crucial role on the intrafibrillar 

mineralization of collagen in bone24–25.

Due to the unavailability of NCPs or their recombinant versions in practice, negatively-

charged polyelectrolytes such as poly-L-aspartic acid (pAsp), poly-L-glutamic acid (pGlu), 

polyvinylphosphonic acid (PVPA), and poly(acrylic acid) (PAA) have been used as analogs 

of NCPs in in vitro biomimetic models for collagen mineralization13, 26–31. The polymer-

induced liquid precursor process (PILP) that uses pAsp to form pAsp-ACP precursors has 

been the most widely used method to produce biomimetic bone mineralization in 
vitro28, 32–34. This process and its variants using alternative poly-anions have been adopted 

to model the ultrastructure of bone, to study the mechanism of bone mineralization13, 35 and 

to fabricate scaffolds for bone and dentin tissue engineering36–38.

Discordances in the literature about the role of pAsp in the biomineralization of collagen 

fibers have been reported and discussed in relation to the mechanism of bone mineralization 

(promoter/inhibitor effect) and rate and pattern of mineralization31–32. Those discrepancies 

might be attributed to differences in the relevant variables of the poly-anions, namely the 

molecular weight (MW) of the polymer, and the concentration used; which in turn determine 

the [-COO−]/[Ca2+] ratio in solution. An initial attempt to investigate the effect of MW of 

pAsp (MW: 10.3 kDa or 32.2 kDa) on intrafibrillar collagen mineralization was reported by 

Jee et al.28. Using 32.2 kDa pAsp yielded faster and more mature mineralization than using 

10.3 kDa pAsp, which was attributed to a higher stability of pAsp-ACP precursors produced 

with higher-MW pAsp. The above study was limited to a narrow range of pAsp MW and did 

not investigate effects of the polyelectrolyte concentration on biomineralization or the 

combined effects of MW and concentration on crystal morphologies and orientation.

Here, we studied the effects of MW and concentration of PAA, a polyelectrolyte NCP 

analog, on the rate and pattern of biomineralization of collagen matrices. Specifically, PAA 

was selected for this work due to its availability in a broad range of MWs, namely 2 to 4,000 

kDa. The molecular structure of PAA contains carboxylate groups that provide abundant 

negative charges to the molecule at physiological pH and temperature. PAA has been 

successfully applied in in vitro mineralizing processes for controlling the dimensions of the 

amorphous phases, modulating the mineral morphology and modifying crystal growth of 

calcium-based minerals14, 33, 39–40. However, the relation between the stability of 

mineralizing PAA-ACP, as a function of the MW and concentration of PAA, and collagen 

biomimetic mineralization with calcium phosphates has yet to be determined, which is also 

an objective of this work.
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2. Materials and Methods

2.1. Fabrication of collagen matrix

PureCol collagen solution (97% bovine dermal type I collagen) was purchased from Inamed 

Biomaterials (Fremont, CA, USA). Collagen matrices were prepared as described 

previously31. To reconstitute the fibrils, 48 mL of type-I collagen solution (2.9 mg/ml) was 

mixed with 12 ml of a 10× PBS buffer and 8 ml of 0.1 N NaOH solution. The mixture was 

incubated at 30 °C for three days and compressed to form a thin sheet. Cross-linked collagen 

matrices were obtained by immersing the collagen sheets in a solution of 50 mM 2-(N-

morpholino)ethanesulfonic acid hydrate (MES, Sigma-Aldrich, St. Louis, MO, USA) (pH 7) 

with 50 mM 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC, Sigma-

Aldrich, St. Louis, MO) and 25 mM N-hydroxysuccinimide (NHS, Sigma-Aldrich, St. 

Louis, MO, USA) overnight. The reaction was quenched in a solution of 0.1 M Na2HPO4 

and 2 M NaCl for 2 hours. The collagen matrix was then rinsed with deionized (DI)-water 

and lyophilized for mineralization.

2.2. Mineralization of collagen matrix

9 mM CaCl2 (Sigma-Aldrich, St. Louis, MO, USA) and 4.2 mM K2HPO4 (Sigma-Aldrich, 

St. Louis, MO, USA) solutions were prepared in tris-buffered saline (TBS) at pH 7.4 and 

37 °C. PAA of three different MWs (2 kDa (Sigma-Aldrich, St. Louis, MO, USA), 50 kDa 

(Polysciences, Inc, Warrington, PA, USA) or 450 kDa (Sigma-Aldrich, St. Louis, MO, 

USA)) were used as process-directing agents32. Each PAA was dissolved in the phosphate 

solution at three different concentrations (20, 50 or 100 mg/L) before being mixed with an 

equal volume of the calcium counterion solution. Thus, nine different experimental 

conditions were tested and named “MW-PAA final concentration in mineralizing solution”. 

For example, a solution with PAA-2kDa at 50 mg/L concentration was named “2k-50”. 

Mineralization was conducted by incubating cross-linked collagen matrices in the 

aforementioned mineralizing solutions28, which were refreshed every 3 days. After 1, 3, and 

7 day(s), the collagen matrices were rinsed with DI-water and lyophilized for 

characterization.

2.3. Scanning Electron Microscopy (SEM)

The morphologies of the specimens were imaged with a Field Emission Gun SEM (JEOL 

6500, Tokyo, Japan) operated at an accelerating voltage of 5 kV. All specimens were sputter-

coated with a 5-nm thick platinum layer. For elemental analysis of mineralized samples, 

energy dispersive X-ray spectroscopy (EDS) analysis was performed during SEM 

examination. EDS line scans across the cross-sections and mapping of Ca for samples 

incubated in 450k-50, 450k-10 and 50k-10 (MW in Da-concentration in mg/L) solutions 

were collected with back-scattered electron (BSE) imaging at 15 kV (Hitachi SU8230, 

Tokyo, Japan).

2.4. Transmission Electron Microscopy (TEM)

Mineralized collagen matrices were crushed to fine-grained powders in liquid nitrogen, 

dispersed in ethanol and dropped on a lacey carbon coated copper TEM grid with 200 mesh 
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size. Samples were analyzed using a TEM (FEI Tecnai 12, Thermo Fisher Scientific, 

Waltham, MA, USA) operated at 120 kV in bright-field (BF), dark-field (DF), and selected-

area electron diffraction (SAED) modes.

2.5. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

FTIR analysis of the collagen films before and after mineralization was performed by a FT-

IR spectrometer (Nicollet iS50, Thermo Fisher Scientific, Waltham, MA, USA), equipped 

with a built-in diamond attenuated total reflection (ATR) for single-spot ATR measurement. 

Each spectrum was the result of signal-averaging of 32 scans at a resolution of 2 cm−1 with 

wavenumber ranged from 400 to 4000 cm−1.

2.6. X-ray Diffractometry (XRD) Analysis

The crystal structure of mineralized samples was characterized using a micro-diffractometric 

system with a two-dimensional area detector (AXS, Bruker, Billerica, MA, USA) operated 

at 40 kV and 35 mA. The incident angle was 15° and the detector position was fixed at 30°, 

which covered a 2θ = 15°−45° range. The data collection time was 1500 s and the results 

were analyzed using JADE8 software (JADE, Materials Data Inc., Livermore, CA, USA).

2.7. Thermogravimetric and Derivative Thermogravimetric Analysis (TG/DTG).

The mineral content of collagen films was determined by TG/DTG (Stare V9.30, Mettler 

Toledo, Columbus, OH, USA). Lyophilized collagen films were cut into small pieces of 

about 10 mg and placed in a 900 μL Alumina pan. The temperature was raised from 30 to 

800 °C at a heating rate of 5 °C min−1 in air. Air flow was controlled to be 100 mm3/min. 

The mineral content was determined by the remaining weight at 700 °C after the organic 

portion of the samples was fully combusted.

2.8. Stability assessment of PAA-stabilized amorphous calcium-phosphate (PAA-ACP) 
solutions

The effect of concentration and MW of PAA on the stability and growth rate of the 

amorphous calcium-phosphate precursor was examined. The solutions were placed in an 

incubator at 37 °C for 7 days. Optical density (OD) measurements at a fixed wavelength of 

650 nm were taken at 0 h, 24 h, and 2, 3, 4, 5, 6 and 7 days with a Beckman Coulter AD 340 

Plate Reader (Indianapolis, IN, USA). Three independent measurements were taken at each 

time point.

Subsequent OD measurements were conducted every 2 hours on selected solutions to get a 

detailed precipitation curve and to calculate the precipitation half-time, t1/2, of each reaction. 

Curves of OD as a function of time (t) were fitted to a logistic function:

OD t = A/ 1 + e
−B t − t1/2
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where A is the final OD at t → ∞; B is the rate of OD increase; and t1/2 is the midpoint of 

the logistic curve (or 1/2 peak height). A sum of squares method and the Excel Solver 

Function was used to minimize the sum of squared residuals.

Particle sizes of the mineralizing solutions were then analyzed using a Particle Size 

Analyzer (Nanotrac Flex, Microtrac, Montgomeryville, PA, USA) with the dynamic light 

scattering technique (DLS). The measurements were taken with the refractive index mode 

and the polymer shape was simplified to be spherical. Zeta potential of nanoparticles 

suspended in solutions was measured with a Zeta potential analyzer (Stabino, Particle 

Metrix, Meerbusch, Germany) using the Current Status mode. Particle size and charge was 

determined after 1, 24 and 48 h in solution. Three independent measurements were taken at 

each time point.

3. Results

3.1. Effect of concentration and MW of PAA on mineralization of collagen films

Mineralization of the densified collagen films was conducted in PAA-ACP solutions for 7 

days with PAA of different MWs (2, 50 and 450 kDa) and concentrations (10, 25 and 50 

mg/L) (Fig. 1).

Low-MW (2 kDa) PAA at high concentration (50 mg/L) (2k-50) inhibited both extrafibrillar 

and intrafibrillar mineralization (Fig. 1C) of the collagen matrix. This was the only 

experimental condition tested here that impeded both forms of mineralization of collagen. 

After the mineralization period, collagen fibrils in the above solution displayed the same 

morphologies as those before mineralization, showing the characteristic banding pattern of 

native collagen (Fig. 1C arrow, S1). The lack of mineralization was further verified by 

quantification of mineral content by TG (Fig. 4A).

Intrafibrillar mineralization of the collagen matrices was achieved with solutions containing 

low-MW (2 kDa) PAA at low (10 mg/L) and medium (25 mg/L) concentrations (2k-10, 2k 

25) as well as solutions containing medium- (50 kDa) and high-MW (450-kDa) PAA at 

medium (25 mg/L) and high (50 mg/L) concentrations (50k-25, 50k-50, 450k-25, 450k-50). 

When intrafibrillar mineralization was achieved in these systems, collagen fibrils with 

uniform diameters and surfaces with no apparent banding pattern or extrafibrillar minerals 

were obtained (Fig. 1A, 1B, 1E, 1F, 1H, 1I). Intrafibrillar mineralization of the collagen 

matrices started after just 1 day in solution (Fig. S2, S5A–C). The width of the fibrils 

increased due to the infiltration of minerals, which replaced the water, during mineralization 

(Fig. S3B, S3). All collagen matrices that were intrafibrillarly mineralized contained more 

than 50 wt% mineral, with the highest mineral contents (63–65 wt%) obtained in solutions 

with 50 kDa and 450 kDa PAAs (Fig. 1, 4B, 4C). In the least mineralized samples (2k-25), 

some of the non-mineralized thinner fibrils were still seen with the apparent banding pattern 

(Fig. 1B, arrow).

Intra- and extrafibrillar mineralization of fibrils in collagen matrices were obtained with 50 

kDa and 450 kDa PAA solutions at low (10 mg/L) concentration (Fig. 1D, 1G). Platelet-like 

nanocrystals were found randomly distributed on the fibrils’ surface. Fibrils on the outer 
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surface of the collagen matrix were also infiltrated with nanocrystals. However, deep inside 

the collagen matrices exposed to these two PAA solutions, intrafibrillar mineralization of the 

fibrils was not achieved, even after 7 days in solution (Fig. S4B, S4D, arrows). This most 

likely was due to the thick layer of extrafibrillar apatite crystals deposited on the surface of 

the collagen matrix (Fig. S4A, S4C, stars) which hindered passage of PAA-ACP particles 

and/or ions to deeper areas of the matrix.

BSE cross-sectional images and EDS Ca line scans and mappings showed different 

mineralization depths of the collagen matrices treated with 450k-50 and 450k-10 solutions 

(Fig. 2). Uniform and full mineralization occurred across the sample treated with the 

450k-50 solution as the Ca signal was evenly distributed throughout the cross-section (Fig. 

2A, 2B). However, Ca was detected only in areas close to the surfaces of matrices 

mineralized with the 450k-10 solution. The inner region had a significant drop in Ca content 

due to the sparse mineral penetration (Fig. 2C, 2D). This mineral-depleted area was more 

prominent in matrices mineralized with the 450k-10 solution than those with the 50k-10 

solution (Fig. S6). This was also in agreement with the relatively lower mineral content in 

the matrices mineralized with the 450k-10 solution (53 wt%) as compared to those 

mineralized in the 50k-10 solution (62 wt%) and the ones with only intrafibrillar 

mineralization obtained with 50 kDa and 450 kDa PAA at medium and high concentrations 

(63–65 wt%).

3.2. Characterization of minerals

SEM and TEM micrographs confirmed that after 7 days in mineralizing PAA solutions, 

intrafibrillar crystalline HAp was formed (Fig. 3A). A cross-sectional view of a mineralized 

collagen fibril (Fig. 3Ai) shows nanocrystals through the thickness of the collagen fibril. 

SAED analysis of the obtained crystals showed characteristic HAp patterns with arcing of 

the (002) planes, indicating that the minerals were aligned with the [001] direction parallel 

to the longitudinal axis of the fibrils (Fig. 3Aii). Dark-field TEM micrographs for the (002) 

planes also showed high infiltration of these aligned crystals in the collagen fibrils (Fig. 

3Aiii). ATR-FTIR spectra for mineralized collagen samples after 7 days in selected 

mineralizing solutions showed characteristic absorbance bands for carbonated apatite (Fig. 

3B). Bands at 960 and 1020 cm−1 were assigned to the stretching modes of υ3PO4 and 

υ1PO4. The peaks at 560 and 602 cm−1 were identified as υ4 and υ2 O-P-O bending modes. 

The peaks at 873 cm−1 were identified as the υ2 C-O stretching mode of carbonate 

substitution in the apatite lattice. No specific bands assigned to the minerals were detected in 

collagen mineralized with the 2k-50 PAA solution and the control pure collagen matrix. 

XRD spectra of collagen matrices mineralized with the 2k-10 solution and 450 kDa PAA 

solutions at high (50 mg/L) and low (10 mg/L) concentrations for 7 days showed 

characteristic peaks of HAp from the (002), (210), (211), (300), (310) and (311) planes (Fig. 

3C). The broad peak around 2θ=32° was composed of overlapping peaks from the (211), 

(112), and (300) planes, as was similarly found in XRD spectra for native trabecular 

bone28, 31, 41.
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3.3. Quantification of mineralization

The almost identical mineral content in control type-I collagen (5 wt%) and matrices in PAA 

2k-50 solutions (4 wt%) further confirmed that neither extrafibrillar nor intrafibrillar 

mineralization was achieved for this experimental condition (Fig. 4A). For the mineralized 

collagen matrices, mineral contents range between 53–67 wt%. Lower mineral contents 

were obtained in collagen matrices mineralized in solutions with the lowest MW, 2 kDa i.e., 

those with delayed intrafibrillar mineralization. Collagen matrices with significant 

extrafibrillar mineralization, as the ones obtained using PAA 450k-10 solutions (Fig.4C), 

also showed mineral contents in the lower range. This was probably due to the fact that early 

extrafibrillar crystal deposition hindered further mineral infiltration into the collagen fibrils. 

Five wt% residue was detected in control unmineralized collagen matrices, which is likely 

due to the presence of unwashed salts during sample preparation.

In the case of pure collagen, three characteristic weight loss peaks were observed in the 

DTG curves. These weight losses correspond to the loss of physisorbed water (under 

100 °C), followed by decomposition (260–360 °C) and then combustion (450–600 °C) of the 

organic matrix42. The intrafibrillarly mineralized collagen matrices had a slightly higher 

thermal decomposition temperature for collagen than the unmineralized collagen samples 

(from 300 °C to 334 °C). As we have reported previously, this change in decomposition 

temperature reflects the intimate structural relationship between collagen and HAp31, which 

suggests the majority of the crystals are embedded within the collagen fibrils. This has been 

previously reported for collagen in bone, dentin and turkey tendon42–43. It is worth noting 

that the matrices mineralized in PAA 2k-50 solutions also showed a peak near 334oC, which 

is not present in the pure collagen matrices, and has lower relative intensity than in the 

matrices that were fully intrafibrillarly mineralized. This might be an indication of an initial 

stabilization of the collagen due to ionic interactions in the system and thus, a longer period 

of exposure to the 2k-50 solution might result in a in a mineralized matrix. The high-

temperature peak (536 °C) present in the pure collagen matrices almost disappeared in the 

mineralized specimens, demonstrating that the mineralization of collagen strongly altered its 

thermal behavior.

3.4. Characterization of the PAA-ACP system

The stability of the PAA-ACP solutions with different PAA MWs and concentrations was 

studied by measuring the solution OD (Fig. 5A) and the size and charge of the PAA-

stabilized mineral precursors (Fig. 5B, 5C), and the calculated precipitation half-time (Table 

1). Overall, the lower the PAA MW or the higher the PAA concentration, the higher the 

stability of the mineralizing solution. For each PAA MW, t1/2 decreased as PAA 

concentration decreased; and for each PAA concentration, t1/2 decreased with increasing 

PAA MW (Table 1). Only solutions containing 50 mg/L of 2 kDa or 50 kDa PAA were 

stable, with no mineral precipitation over the period tested. The least stable solution was 

450k-10 with t1/2 = 3.4 h.

Particle-size analysis with DLS showed that PAA-ACP particles grew faster when formed in 

solutions with higher-MW PAA and/or lower PAA concentration. Larger particle sizes were 

found in solutions with higher-MW PAA. The mean particle sizes of all 2 kDa PAA 
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solutions at 1 h were below the limit of detection (1 nm). The particles in the 2k-50 solution 

remained under the limit of detection for the period tested. However, particles formed in 

2k-25 and 2k-10 solutions grew to a size detectable by DLS, this being about 50 nm and 300 

nm (most likely agglomerates of smaller particles), after 48 h and 24 h, respectively (Fig. 

5Bi). Particles formed in the 50 kDa or 450 kDa PAA solutions were larger than those 

formed in the 2 kDa PAA solutions when compared at the same time points and PAA 

concentrations (i.e. 50 mg/L at 1 h), and, except for 50k-50, precipitated after 48 h. The 

precipitated particles were not detectable by DLS (Fig. 5Bii, 5Biii). These results agreed 

with those from the turbidity tests.

The charge of the PAA-ACP particles was not influenced by the PAA MW or PAA 

concentration and did not change over time with a value of near −25 mV for the detectable 

particles (Fig. 5C).

4. Discussion

The main goal of this study was to investigate the effect of MW and concentration of PAA 

on the process and outcome of intrafibrillar mineralization of collagen. Previous studies have 

demonstrated that PAA, as is the case for pAsp, stabilizes fluidic ACP 

nanoprecursors17, 44–48 and that concentration of PAA in solution can modulate the rate of 

mineralization of demineralized dentin matrices49. Also, the stabilizing strength of PAA on 

calcium carbonate crystals is weaker with a longer molecular chain length or a lower ratio of 

[-COO−]/[Ca2+] in solution50. Fig. 6 schematically summarizes our results and shows the 

main relationships found in this study for MW and concentration of PAA, PAA-ACP 

particles formed, and the pattern of mineralization of collagen fibrils. In our system, 

lowering PAA MW and increasing PAA concentration resulted in PAA-ACP solutions with 

increasing stability. The most stable PAA-ACP solution that fully inhibited mineralization of 

the collagen matrices was achieved using the combination 2k-50. Conversely, the least stable 

solutions were obtained using high PAA MW at low concentrations. Significant amount of 

extrafibrillar minerals on the collagen fibrils was obtained using these unstable solutions. 

Thus, the stability of the PAA-ACP solutions and the intrafibrillar mineralization of collagen 

in these solutions were related and controlled by the combined effects of the PAA MW and 

concentration. Solutions with intermediate stability seemed to be the most effective in 

inducing purely intrafibrillar mineralization of the collagen.

Our results support using PAA as a surrogate for the proposed dual functions of some NCPs 

as being selectively inhibitors or promoters of biological mineralization. We showed that 

biomimetic intrafibrillar mineralization of collagen was obtained in mineralization solutions 

containing PAA with a wide range of MW, provided that each polymer was in the 

appropriate concentration so that neither full inhibition nor extrafibrillar mineralization 

occurred. NCPs, as it is also the case of PAA in this study, have a wide range of MW, are 

intrinsically-disordered and highly negatively charged, which provides their ability to 

stabilize ACPs51. The level of expression of NCPs is regulated in living systems to avoid 

pathological events so that each specific protein performs the role of inhibitor or promoter of 

mineralization that is required at each body location and point of time51.
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Increasing PAA concentration increases the [-COO−]/[Ca2+] ratio, retards ACP 

crystallization to HAp in solution, and hinders initial ACP aggregation49. The latter was 

confirmed here as the growth of the PAA-ACP particles/agglomerates was slower in 

solutions with increasing concentration of PAA for each MW. Adsorption of PAA on the 

surface of ACP to form PAA-ACPs would hinder ACP aggregation, as it has been previously 

shown for PAA-silicon nitride colloidal systems52. The ability to delay PAA-ACP 

agglomeration was also more effective with decreasing PAA MW, which highlights the 

interactive effects between the two PAA variables evaluated here on stability of the solution. 

Others have shown that lowering PAA MW provided more stable amorphous calcium 

carbonates formed using the delayed addition method50. The authors speculated that the 

higher mobility of PAA with a lower MW in water may cause faster adsorption on the 

precursors to inhibit their growth. The very small size of the PAA-ACPs found in our 2k-50 

PAA solution while it was stable supports this proposition. Also, the length of the 

polyelectrolyte chains may affect the binding efficiency between–COO− and Ca2+ such that 

PAA with low to medium MW are more effective in inhibiting the growth and agglomeration 

of PAA-ACPs.

It seems that the ability of the very stable 2k-50 PAA solution to inhibit PAA-ACP growth 

could also inhibit mineralization of collagen altogether. On the other hand, the equally stable 

50k-50 PAA solution, which had faster-growing and thus, larger PAA-ACP particles, was 

able to induce purely intrafibrillar mineralization of collagen. The 2k-50 combination 

therefore represented the limit, in terms of the lowest PAA MW and the highest PAA 

concentration, beyond which no intrafibrillar mineralization could occur.

In vitro studies have provided evidence that minerals within collagen fibers start as stable 

amorphous mineral particles that eventually transform into HAp crystallites49, 53. In a 

solution supersaturated with respect to more than one phase of a mineral, crystallization is 

thought to start from the most soluble (least stable) phase which then transforms to the most 

stable phase through a series of intermediate phases of different crystal structures17, 54. In 

the non-classical mineralization pathway, the multistep kinetically driven mineralization 

reaction depends on the relative heights of the Gibbs free energy barriers (ΔGi) between 

each of the metastable phases. In our system, we speculate that the key feature that PAA 

provides in transiently-stabilizing ACPs is its polyanionic character to produce a PAA-ACP 

precursor phase with the appropriate physical properties to enter the collagen matrix. The 

affinity of PAA to ACP increases the ΔGT of phase transformation from ACP to HAp. This 

was shown in all PAA-ACP solutions with longer t1/2 than the supersaturated calcium 

phosphate solution without PAA, which precipitated immediately after preparation. In the 

presence of collagen, although the exact mechanism is still elusive, ΔGT can be reduced by 

the collagen microfibril as a substrate promoting HAp solidification/nucleation53, 55 or by 

the nanoscale confinement effect56–57. Others have also proposed alternative mechanisms, 

such as the ‘osmotic pressure theory’30. This is in accordance with our results as the initial 

intrafibrillar mineralization of the collagen fibrils occurred under experimental conditions 

where PAA-ACP solutions showed stability and controlled growth of PAA-ACP 

agglomerates in the absence of collagen.
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In solutions containing a very low concentration of PAA with high MW, minerals quickly 

aggregated, crystallized and precipitated. These large solid crystals were not able to 

penetrate the collagen fibrils and, as a result, extrafibrillar mineralization was formed. Both 

50k-10 and 450k-10 PAA solutions induced intra- and extrafibrillar collagen mineralization, 

which suggests that the size and rate of growth of the mineral agglomerates in these 

solutions was near the limit of stability that prevents crystallization and precipitation of HAp 

and, thus, allows penetration into the collagen fibrils.

A full infiltration of HAp minerals with their crystal structure oriented in the collagen fibril 

direction as in the natural tissues was obtained; that is, the composition, distribution, 

structure, and orientation of the minerals within the collagen matrices closely resembled the 

ones in bone at the nano level. The maximum mineral content obtained for the intrafibrillarly 

mineralized collagen matrices indicates that these fibrils were fully mineralized, as 65% 

mineral and 35% collagen content is well within the range of values for natural bones58. 

Moreover, when extrafibrillar mineralization was prevented in this biomineralization system, 

the collagen matrices were fully mineralized through thickness. This was not the case when 

extrafibrillar mineralization occurred, probably because the mineral layer formed on the 

surface of the collagen matrix constituted a diffusion barrier for ions or mineral precursors to 

penetrate through its thickness. The full penetration of minerals to the inner parts of the 

matrices and to the inside of the collagen fibrils differentiate these HAp-collagen composites 

from others obtained by either the use of ionic supersaturated mineralization solutions or 

manufacturing processes that simply mix the two phases. The biomimetic character of the 

method used here for obtaining mineralized collagen matrices emphasizes its potential to 

manufacture scaffolds and constructs for tissue engineering with exceptional mechanical 

properties that match those of bone.

5. Conclusion

In our study PAA was used as a surrogate of NCPs as stabilizers of ACPs for collagen 

biomimetic mineralization. Densified type-I collagen matrices were mineralized in PAA-

ACP solutions containing different PAA concentrations and MW. Together, our results 

showed that PAA MW and concentration modulated intrafibrillar mineralization of collagen 

fibrils by providing solution stability and control over the growth of the PAA-ACP precursor 

agglomerates. This biomimetic mineralization system produced collagen matrices with 

potential for hard tissue engineering applications as they resembled the ultrastructure of 

bone and were fully mineralized through thickness with high mineral contents. This system 

could also be used as a model for mineralized tissues such as bone and dentin.
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Figure 1: 
SEM images of type I collagen fibrils mineralized for 7 days with 2k-10 (A), 2k-25 (B), 

2k-50 (C), 50k-10 (D), 50k-25 (E), 50k-50 (F), 450k-10 (G), 450k-25 (H), and 450k-50 (I) 

PAA solutions. IM: fibrils with intrafibrillar mineralization. EM: extrafibrillar mineralization 

of fibrils. Arrows in (B) and (C): collagen fibrils not mineralized showing the characteristic 

banding pattern of native collagen. Scale bar: 200 nm.
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Figure 2: 
BSE images with EDS Ca line-scans (A, C) and Ca mapping (B, D) of the cross-section of 

densely packed collagen matrices mineralized for 7 days with 450k-50 (A, B) and 450k-10 

(C, D) PAA solutions. Scale bar: 50 μm.
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Figure 3: 
(A) SEM (i), TEM bright-field (ii) and TEM dark-field (iii) micrographs of collagen fibrils 

mineralized with 450k-50 PAA solution for 7 days. Insert in Aii is the SAED pattern of the 

mineralized fibril shown in Aii and Aiii. Scale bar: 100nm. (B) ATR-FTIR spectra of 

collagen matrices mineralized for 7 days with 450k-10, 450k-50, 2k-10, 2k-50 PAA 

solutions and control pure type I collagen. Characteristic absorption bands of carbonated 

HAp are labeled. (C) XRD spectra of collagen matrices mineralized for 7 days with 2k-10, 

450k-10 and 450k-50 PAA solutions. Characteristic peaks of HAp for the (002), (210), 

(211), (300), (310), (311) planes are labeled.
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Figure 4: 
TG (A-C) and DTG (D-F) curves of collagen matrices mineralized for 7 days with solutions 

PAA 2-kDa (A, D), 50-kDa (B, E), and 450-kDa (C, F) and different concentrations. The 

mineral after decomposition up to 700 °C and decomposition temperature are noted on each 

curve.
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Figure 5: 
(A) OD profiles of PAA-ACP solutions with 2k-Da (i), 50-kDa (ii) and 450-kDa (iii) PAA 

and different PAA concentrations. (B) Mean particle size and (C) mean charge of PAA-ACP 

particles in mineralizing solutions with 2k-Da (i), 50k-Da (ii) and 450k-Da (iii) PAA and 

different PAA concentrations after 1, 24 and 48 hour(s). *: Particles, if in solution, had sizes 

below the limit of detection (1 nm). #: Solutions with precipitated minerals.
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Figure 6: 
A schematic representation of the influence that MW and concentration of PAA has on 

formation of PAA-ACP in solution and collagen fibril mineralization. PAA-ACP, HAp 

nanocrystals, and collagen fibrils are not in the same scale.
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Table 1.

Precipitation half-time (t1/2, h) for PAA-ACP solutions with PAA of different MWs and concentrations.

PAA MW (kDa)
PAA concentration

10 mg/L 25 mg/L 50 mg/L

2 29.0 75.2 >168.0

50 8.0 15.6 >168.0

450 3.4 7.1 43.9
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