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Abstract: Collagen fibrils hierarchically assemble from microscale to macroscale, which endows the
natural composite bone with good mechanical properties and remodeling functions. Revealing the
intrafibrillar growth process of hydroxyapatite nanocrystals of collagen will guide the research of bone
repair or collagen-based composites. Herein, we investigated the mineralization of multiscale collagen
matrices and strongly proved the intrafibrillar hydroxyapatite nanocrystals in the collagen fibrils. The
hydroxyapatite nanocrystals were deposited within collagen fibrils with co-orientation along the (002)
crystal plane, which is the longitude of the fibril. The whole growth process was captured by TEM to
demonstrated the five stages of the intrafibrillar growth process of hydroxyapatite nanocrystals. The
infiltration and transformation of amorphous calcium phosphate in isolated collagen fibrils are both
demonstrated. The intrafibrillar growth process of hydroxyapatite nanocrystals in collagen film was
also investigated, showing that the growth area of collagen films increased linearly with time and
the growth process. By studying the in situ mineralization under different reaction conditions, the
kinetic equation of the mineralized area of collagen film under each condition was obtained, and the
optimal hydroxyapatite mineralized solution was proved to be a solution with polyacrylic acid of
50 uG/mL and a pH of 7.5. Our work provides more detailed information of the growth process of
HAP nanocrystals during the mineralization of collagen at different scales and would contribute to
future research on the formation process of more minerals in collagen.
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1. Introduction

Bone is a hard tissue that has been extensively investigated due to its complicated
structure and excellent mechanical properties [1-3]. Collagen fibrils are the framework
of the bone [4]. For collagen fibrils, they are assembled by procollagen molecules in
a quarter-staggered arrangement, which results in a periodic band pattern with 40 nm
gap zones and 27 nm overlap zones [5]. This quarter-staggered arrangement of collagen
fibrils forms the perfect confined room for hydroxyapatite (HAP) nanocrystal growth
with co-alignment. During the formation process of bone, the non-collagenous proteins
(NCPs) play an important role in stabilizing the amorphous calcium phosphate (ACP) and
inhibiting ACP transformation to HAP [6,7]. A biocomposite fabrication strategy based
on an original sol-gel (template) synthesis of the porous wollastonite containing 30 wt.%
of HAP successfully fabricated nanostructured ceramic wollastonite samples [8,9]. The
results are of great interest for the preparation of high-quality biomaterials for modern
medicine using simple technological approaches and available raw materials. However, the
NCPs are not easy to obtain, and the polyelectrolytes that own similar functions of NCPs
are chosen to complete the intrafibrillar mineralization in vitro. The intrafibrillar growth
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of calcium carbonate [10], hydroxyapatite [4,11,12], calcium fluoride [13], and strontium
carbonate [14] has been accomplished by using different polyelectrolytes.

Generally, infiltration and transformation are the two key steps to achieve intrafibrillar
growth of minerals. The stabilized processors are drawn into the gap zones of fibrils, enter
the collagen, and then transform to HAP nanocrystals with co-alignment [15,16]. Cur-
rently, the driving force theories for collagen mineralization include Gibbs-Donnan equi-
librium [17], capillary force [4], coulombic attraction [7], and inhibitor size exclusion [18].
Though all the theories have their limitations, using the polyelectrolytes indeed completes
the intrafibrillar growth of HAP nanocrystals. Tang at al. used two polyelectrolytes to
prepare calcium phosphate clusters with ultra-small dimensions and achieved the rem-
ineralization of the bone [19]. Ping at al. fulfilled the intrafibrillar growth of strontium
carbonate; the mineralized fibrils exhibited excellent piezoelectric properties compared
with the original collagen fibrils, which indicates that the enhancement of piezoelectric
properties was due to the interaction between collagen templates and intrafibrillar growth
of mineral strontium carbonate nanocrystals [14]. Although adopting the polyelectrolytes
could achieve the mineralization of fibrils, more methods are needed to prove the intrafib-
rillar growth of HAP nanocrystals. Detailed information about the intrafibrillar growth of
HAP nanocrystals during the mineralization process is still insufficient. Meanwhile, the
growth process of HAP nanocrystals in 2D collagen matrices such as collagen films is not
well investigated.

In our work, the intrafibrillar growth of HAP nanocrystals in multiscale collagen
was investigated. The intrafibrillar growth of HAP nanocrystals of collagen fibrils was
fulfilled in vitro, and the intrafibrillar growth of HAP nanocrystals was certified by various
methods. Five stages of the intrafibrillar growth process of HAP nanocrystals during the
mineralization were captured. The infiltration process of ACP and the transformation from
ACP to HAP were also demonstrated. Then, the mineralization process of larger scale
collagen matrices (collagen films) was studied. The growth areas of collagen films varied
linearly with time, and the growth rate of HAP nanocrystals in the collagen film depended
on the concentration of PAA and the pH value of the growth solution.

2. Materials and Methods
2.1. The Growth of HAP Nanocrystals in Collagen Fibrils

The appropriate amount of collagen powder (Bovine Achilles Tendon CL, Worthington,
Lakewood, NJ, USA) was weighed, immersed in acetic acid solution (0.1 M, 10 mL, Sigma
Aldrich), and stirred for 24 h to fully disperse the raw collagen. The stock collagen solution
(3 mg/mL) was stored at 4 °C. A small amount (2~4 pL) of the collagen solution was well
dispersed on a flat substrate and dried at room temperature (25 °C).

The growth solution was prepared by slow drop mixing of 50 mL of solution A (2.7 mM
CaCl,-2H,0, 10 mM HEPES buffer, and 100 ug/mL PAA) and 50 mL of solution B (2.7
mM Ky;HPO4-3H,0, 150 mM NacCl) through a peristaltic pump with an adding speed of
20 rpm. Polyacrylic acid (PAA, 25 wt%, Mw 240,000, Alfa Aesar, Ward Hill, MA, USA)
was adopted to stabilize amorphous hydroxyapatite (ACP). HEPES buffer with 150 mM
NaCl was used to maintain the pH of the mineralized solution. The collagen substrates
were finally immersed in a growth solution with a pH value of 8.0 at 37 °C, and adjusted
by NaOH solution. After the reaction for 24 h, the collagen substrates were washed with
deionized water to clean sodium chloride crystals and then dried at 25 °C.

2.2. Morphology and Internal Structures of Collagen Fibrils with HAP Nanocrystals

Field-emission scanning electron microscopy (FE-SEM): A substrate of collagen fibrils
with HAP was cut into smaller pieces. A conductive adhesive was used to stick small pieces
on the sample stage, followed by vacuum plating with platinum for 80 s. A field emission
scanning electron microscope (Hitachi S-4800, Tokyo, Japan) was adopted to observe the
surface topography of the fibrils.
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High-resolution transmission electron microscopy (HRTEM): The collagen fibrils with
HAP nanocrystals were scraped from the substrate and uniformly dispersed into ethanol
via a high-speed centrifuge. An appropriate amount of ethanol solution containing colla-
gen fibrils with HAP was dropped on TEM grids and ethanol was evaporated completely
at 25 °C. Ultrathin sections of the collagen fibrils with HAP were prepared by an ultra-
microtome (Leica EMUC7, Wetzlar, Germany), and the ultrathin-sectioned slices were
deposited on the TEM grids. The morphology and internal structures of collagen fibrils
with HAP were observed using high-resolution transmission electron microscopy (Talos
F200S, Waltham, MA, USA).

2.3. Composition Analysis of Collagen Fibrils with HAP Nanocrystals

X-ray diffraction (XRD, D8 Advance, Karlsruhe, Germany) and Raman spectrums
(SENTERRA, Karlsruhe, Germany) were adopted to certify the component of the fibrils.
HRTEM (Talos F200S, Waltham, MA, USA) was also used for selected area electron diffrac-
tion (SAED) patterns and energy-dispersive spectroscopy (EDS) mapping.

2.4. The Growth of HAP Nanocrystals in Collagen Films

The cover glasses (24 cm x 24 cm) were washed with deionized water and ethanol
alternately six times. Forty microliters of collagen solution (3 mg mL~!) were evenly coated
on the cover glasses and dried at 25 °C. The collagen-coated films were immersed in HAP a
growth solution. After the reaction, the collagen films were washed with deionized water.

2.5. The Growth Process of HAP Nanocrystals in Collagen Films In Situ

Optical microscopy (Keyence VHX-5000, Osaka, Japan) was adopted to investigate the
growth process of HAP in films. The collagen-coated cover glasses were placed in a plastic
Petri dish containing HAP growth solution of different conditions. A transparent alumina
glass heating plate was put under the Petri dish to maintain the reaction temperature at
37 °C. An appropriate area with HAP of collagen film was chosen to monitor the growth
process under 400 x magnification. The images were captured after 120 min, 150 min,
180 min, and 210 min. The size of the areas was measured by a Nano Measurer.

2.6. The Growth Process of HAP Nanocrystals in Collagen Films in Different Conditions

Collagen films were placed in the plastic Petri dishes containing HAP growth solution
of different concentrations of PAA and different pH values. The PAA concentration of the
HAP growth solution was set to 50 ug/mlL, 100 ug/mL, and 150 pg/mL, respectively. In
each concentration of PAA, four pH values were set to investigate the influence of weak
acid growth solution (pH 6.5), neutral growth solution (pH 7.0), and weak basic growth
solution (pH 7.5, pH 8.0) on the growth rate of HAP nanocrystals in collagen films. The
reaction time was set at 24 h for a more convenient measurement of the growth rate in
different conditions. Then, the growth area of each collagen film was calculated by Image J.

3. Results and Discussion
3.1. The Certification of Intrafibrillar Growth of HAP Nanocrystals

The collagen fibrils solution was dispersed on a glass coverslip and then immersed
in the 2.7 mM hydroxyapatite (HAP) growth solution at pH 8.0. For the original collagen
fibrils, the 67 nm characteristic periodic bands with 27 nm overlap zone and 40 nm gap
zone were seen clearly (Figure S1 see Supplementary Materials). After the growth of 24 h,
the characteristic periodic bands of the original fibrils disappeared for the intrafibrillar
growth of HAP nanocrystals (Figure 1A). High magnification of the SEM image (Figure 1B)
showed that no nanocrystals were on the surface of fibrils, and the fibrils had an increase
in diameter and stronger three-dimensional sense than original fibrils. When no PAA
was added to the growth solution, irregular extrafibrillar HAP formed on the surface of
collagen fibrils (Figure 1C). Without the PAA, the liquid precursors would not have been
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formed through the PILP process [10,20], and HAP could only crystallize on the surface of
collagen fibrils.

558 1239 1448 166

20 40 60 500 1000 1500 2000
20 degree Raman shift (cm™)

Figure 1. Morphology and composition of the collagen fibrils with intrafibrillar HAP nanocrystals.
(A) Low magnification SEM image of fibrils. (B) High magnification SEM image of a fibril. (C) The
extrafibrillar HAP on the surface of collagen fibrils. (D) XRD of the fibrils. (E) Raman spectrum of
the fibrils.

An XRD pattern and Raman spectrum were adopted to confirm the composition of
the fibrils. The XRD pattern of the mineralized collagen shows seven peaks at around 26.2°,
32.0°, 33.5°, 40.0°, 46.9°, 49.7°, and 53.7°, which could be assigned to the (002), (211), (300),
(130), (222), (231) and (004) crystal planes of the HAP phase (PDF#09-0432). The Raman
spectrum (Figure 1E) shows the coexistence of HAP crystals and collagen fibrils. The peak
located at 426 cm ™! is the symmetric bending vibration of PO, the peak located at
558 cm ™! is the asymmetric bending vibration of PO4®~, and the peak located at 959 cm ™!
is the symmetric stretching vibration of PO4%~. The bands at 1239 cm ™! and 1668 cm™!
belong to the amide I and III of amino acids in collagen fibrils.

TEM characterization was adopted to investigate the detailed structures and HAP
nanocrystal orientation of the fibrils. Figure 2A shows a fibril with intrafibrillar HAP
nanocrystals; the fibril was dense and the typical periodic pattern disappeared. The
coherent lattice fringes of HRTEM (Figure 2B) indicate the co-oriented arrangement of
intrafibrillar HAP nanocrystals. The interplanar distance is 0.34 nm, corresponding to the
(002) crystal plane of HAP nanocrystals. The single-crystal-like SAED pattern (Figure 2C)
further exhibits the crystalline orientation of intrafibrillar HAP nanocrystals along the lon-
gitudinal axis of fibril following the (002) direction, because of the ordered confined spaces
within the collagen fibril. Energy dispersive spectroscopy (EDS) mapping (Figure 2D)
shows the homogeneous distribution of Ca (blue), P (yellow), and O (green) elements of a
mineralized collagen fibril, which proved the HAP nanocrystals were only formed inside
collagen and the intrafibrillar growth of HAP nanocrystals was completed.
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Figure 2. HAP nanocrystal orientation and composition of a single collagen fibril with intrafibrillar
HAP nanocrystals: (A) TEM of the fibril. (B) HRTEM of the red area in (A). (C) SAED of the fibril,
and (D) EDS mapping of the fibril.

In previous studies, many scientists used SEM to observe the morphology and SAED
to analyse the HAP orientation to certify the intrafibrillar mineralization of collagen fib-
rils. However, these are not direct methods, and in some cases, using these methods to
characterize extrafibrillar mineralization might obtain similar results. Therefore, the most
direct method for proving the intrafibrillar growth of HAP nanocrystals is to expose the
HAP nanocrystals inside collagen fibrils. The SEM image presents the fracture tip of a
collagen fibril, which shows that the regularly arranged intrafibrillar HAP nanocrystals
were formed inside the collagen fibril (yellow arrow in Figure 3A). The microtome slice was
adopted to further reveal the inner structure of collagen fibrils. The longitudinal section
of a fibril (Figure 3C) specifically exhibits the densified arrangement of HAP nanocrystals
inside the fibril. The morphology of HAP nanocrystals inside a fibril is platelet-like and
with 30-50 nm width (marked with yellow circles in Figure 3C), which is analogous to those
in bone [21]. The SAED of the HAP nanocrystals in a longitudinal section of mineralized
fibrils (Figure 3D) shows that the HAP nanocrystal growth direction is still along the (002)
crystal plane because of the confined space of the collagen fibril. The cross-section of
a fibril (Figure 3B) further demonstrates the occupation of HAP nanocrystals inside the
collagen fibril.

3.2. The Intrafibrillar Growth Process of HAP Nanocrystals

The whole growth process, especially the evolution process of ACP inside fibrils, was
captured by TEM.

Briefly, the intrafibrillar growth process of HAP nanocrystals can be divided into
five stages. In stage I, the collage fibrils are original. Figure 4A exhibits the characteristic
periodic bands of 67 nm containing 40 nm gap zones and 27 nm overlap zones in the
original fibril. In stage II, many nanoscale aggregates (red arrows) were absorbed on
the surface of collagen fibril (Figure 4B). The corresponding SAED pattern in Figure 4F
confirms the non-crystalline nature of these aggregates, which indicates these aggregates
are amorphous hydroxyapatite (ACP). These ACP aggregates were formed by PAA through
the polymer-induced liquid precursor (PILP) process [10,20]. In stage II, ACP aggregates
almost existed on the surface of the collagen fibril. No ACP aggregates are observed inside
the collagen.
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Figure 3. Internal characterization of the collagen fibril with intrafibrillar HAP nanocrystals: (A) SEM
image of fracture of the fibril (HAP nanocrystals were marked with the yellow arrow). (B) TEM image
of cross-section of the fibril. (C) TEM image of longitudinal section of the fibril (HAP nanocrystals
were marked with yellow circles), and (D) SAED image of longitudinal section of the collagen fibril.

Figure 4C shows the growth process of HAP nanocrystals in fibrils in stage III. The
corresponding SAED pattern in Figure 4F exhibits no obvious diffraction spots, which
proves most aggregates were still amorphous in stage III. Taking a thorough view of the
yellow dotted area in Figure 4C, the high magnification TEM image of this area is shown
in Figure 4G. In this area, the ACP aggregates adsorbed on the collagen fibril began to
infiltrate into the collagen fibril because of the capillary [4] or Gibbs—Donnan equilibrium
effect [17] (orange arrows in Figure 4G), and plenty of ACP aggregates appeared inside
the collagen fibril (green arrows in Figure 4G). These ACP aggregates did not crystallize
to HAP as soon as they infiltrated into collagen fibrils, but they stayed amorphous inside
collagen fibrils for a while. Notably, in the middle area of the collagen fibrils, some HAP
was observed (purple arrow in Figure 4G), and the adjacent area was still occupied by ACP
aggregates. It is demonstrated that some ACP aggregates inside collagen fibrils gradually
transformed into HAP in stage III. When the growth process of HAP nanocrystals in fibrils
reached stage IV, most spaces of collagen fibril were occupied with HAP nanocrystals
(Figure 4D). The SAED pattern of stage IV in Figure 4F shows that the HAP nanocrystals
are co-aligned.

High-magnification TEM images of the green dotted box area and blue dotted box
area in Figure 4D are shown in Figures 4H and 41, respectively. In Figure 4H, most of the
space in the middle of the collagen fibril was filled with HAP nanocrystals (purple arrow
in Figure 4H). However, a small amount of the remaining space close to the surface of the
fibril was occupied with ACP (green arrows in Figure 4H). Some ACP aggregates were still
adsorbed on the collagen fibril and prepared to infiltrate into collagen to provide sufficient
sources for the growth of HAP nanocrystals (orange arrows in Figure 4H). Figure 41 shows
good fluidity of ACP aggregates that spread in the space of fibril, with the direction of ACP
infiltration and diffusion indicated by the yellow arrows in Figure 41. When all the space
of collagen fibrils was occupied by HAP, the growth process of HAP in fibrils came to the
final stage, V, and the collagen fibril was full of HAP (Figure 4E).
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Figure 4. The process of intrafibrillar growth of HAP nanocrystals. (A-E) Five stages (I-V) of the
growth of HAP nanocrystals in a collagen fibril (A) Stage I: Original collagen fibril. (B) Stage II:
ACPs (marked with red arrows) absorb on collagen. (C) Stage III: ACPs infiltrate the collagen fibril
and begin to transform into HAP. (D) Stage IV: Plenty of HAP is formed inside the collagen fibril.
(E) Stage V: The collagen fibril with the full growth of HAP nanocrystals. (F) SAED patterns of
stages I-IV. (G) High-magnification image of the yellow dotted box in (B). (H,I) High-magnification
images of green dotted box area and blue dotted box area in (D), respectively. The orange arrows in
(G,H,I) indicates the ACPs on the surface of collagen fibrils (J) Schematic diagram of the process of
growth of HAP nanocrystals in fibrils.

The growth process of HAP nanocrystals in collagen fibrils can be summarized by the
schematic diagram in Figure 4]: ACP aggregates stabilized by PAA were first adsorbed
on the surface of collagen fibrils. Then, ACP aggregates began to infiltrate into fibrils and
filled the space in the collagen fibril. The process of infiltration was continuous until all the
space in collagen fibrils was filled with HAP nanocrystals. The ACP aggregates did not
crystallize at once after infiltration, but remained amorphous inside collagen for a while,
which shows that ACP aggregates possessed good liquidity and spread inside the space of
the collagen fibril. The process of transformation from ACP to HAP is sequential, usually
beginning at the middle space of the collagen fibril.
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3.3. The Intrafibrillar Growth Process of HAP Nanocrystals in Collagen Films

To better investigate the growth of HAP nanocrystals in collagen at multiple scales, we
chose to study the growth process of HAP nanocrystals in 2D collagen matrices (collagen
films). The collagen films assembled by fibrils were immersed in an HAP growth solution.
Optical images and SEM were used to show the morphology of the films with HAP
nanocrystals. Figure 5A,B show the tremendous dots that appeared on the partial collagen
film. Some dots were independent, and the others were in contact with each other. Taking
a close view of these dots, Figure 5C exhibits the SEM image of an isolated dot. The dot is
composed of random interweaved fibrils with HAP nanocrystals. On the edge of this area
(Figure 5D), the original fibrils were stretched because of the intrafibrillar growth of HAP.
Figure 5E F are the optical image and SEM image of the whole film with HAP nanocrystals,
respectively. The optical image shows that the whole collagen film with HAP nanocrystals
is compact. The SEM image further certifies the intrafibrillar growth of HAP in films.

A.d @ r*;.:..‘ %

Figure 5. Partially and fully growth collagen films. (A) Optical image of partially growth collagen
film. (B) SEM image of the partially growth collagen film. (C) SEM image of an isolated growth area.
(D) SEM image of the edge of the isolated area. (E) Optical image of the full growth film. (F) SEM
image of the full growth collagen film.

Investigating the growth process of HAP nanocrystals in collagen films would provide
more information on 2D structure. Therefore, the optical microscope was adopted to
monitor the growth process of HAP nanocrystals in collagen films. To investigate the
change of the areas of films with HAP nanocrystals over the reaction time, the areas
were statistically calculated from the same view. In Figure 6A, the size of areas increased
gradually depending on time (orange arrows). New born areas (yellow arrows) were
observed when extending the reaction time. Furthermore, as the size of the area increased,
they contacted each other, the boundary disappeared, and the larger areas formed (green
arrows). Therefore, the growth process of HAP nanocrystals in collagen film can be
summarized as small areas growing and combining to form larger areas, finally achieving
the growth of HAP nanocrystals in the whole collagen film.



Crystals 2023, 13, 692

9o0f12

A 180 min

B70
PAA 50 pg/mL pH 7.5 C
Fitting of PAA 50 pg/mL pH 7.5 T
1 —PAA100pgimL pH 8.0
60 - - Fitting of PAA 100 pg/mL pH 8.0 J Ao'zs 7
——PAA 100 pg/mL pH75 T p T,
50 - Fitting of PAA 100 pg/mL pH 7.5 ‘ L £
1 T L £0.20 -
E40 5"
= -
b S 0.154
N 2
» 30 4 @
£
= 0.10
3
20 &
0.05 ~
10 4
T T T T 0.00 -
120 150 180 210 PAA 50 ug/mL  PAA 100 ug/mL  PAA 100 pg/imL
Time (minutes) pH7.5 pH8.0 PH75

Figure 6. The growth process of HAP nanocrystals in collagen films. (A) In situ monitoring of the
growth process of HAP nanocrystals in collagen films in the growth solution (PAA 50 ug/mL pH 7.5).
Images were taken at 120 min, 150 min, 180 min, and 210 min, respectively, from left to right (scale
bar, 20 um). (B) Size of areas over reaction time in different conditions of growth solution. (C) The
growth speed of areas in different conditions of growth solution.

The effect of different conditions of growth solution on 2D mineralization is rarely
mentioned. By in situ monitoring of the mineralization process of collagen films in different
conditions of growth solutions (PAA 50 pug/mL, pH 7.5, PAA 100 pg/mL pH 8.0, and PAA
100 ng/mL pH 7.5), the sizes of mineralized areas after mineralization for 120 min, 150 min,
180 min, and 210 min were obtained (Figures 52-54).

Based on the collected data, the size of mineralized areas increased linearly over
time (Figure 6B). The relationship between mineralized areas and time can use the linear
fitting function, R-Ry = kt, to represent a change of mineralized areas with time, where
R is the final radius, and Rg represents the initial radius. The kinetic rate is obtained
by linear fitting and represents the growth speed of mineralized areas, and t is the re-
action time. The function obtained by linear fitting gives the growth speeds, which are
0.25 4 0.01 um min~! (PAA 50 pug/mL, pH 7.5), 0.19 + 0.01 pum min~! (PAA100 pg/mL,
pH 8.0) and 0.16 £ 0.01 pum min~! (PAA 100 pug/mL, pH 7.5), respectively (Figure 6C).
Therefore, the mineralized area depends on the concentration of PAA and pH values of
the growth solution. Increasing the concentration of PAA will decrease the growth speed,
while raising the pH value will accelerate the growth speed.

Previous, plenty of works focused on the influence of molecular weight and the
concentration of polyelectrolytes on the growth of HAP in collagen matrices [22-24]. We
found that pH value also dramatically influences the growth rate of HAP in collagen films.
In our system, the concentration of PAA was set to 50 ng/mL, 100 ug/mL, and 150 pug/mL,
respectively. In each concentration of PAA, four pH values were set to investigate the
influence of weak acid growth solution (pH 6.5), neutral growth solution (pH 7.0), and
weak basic growth solution (pH 7.5 and pH 8.0) on the growth rate of HAP in collagen films.
The reaction time was set at 24 h for a more convenient measurement of the area of collagen
films with HAP nanocrystals in different conditions. Figure 7A exhibits the collagen films
with different areas in different solution conditions. The sizes of the precursors in different
conditions are shown in Figure 7B. Increasing the pH value will rise the average size of the
precursor to the same concentration of PAA, while raising the concentration of PAA will
reduce the average size at the same pH value. Figure S6 shows that the zeta potential of
precursors is all around -20 mV; the growth rate of HAP in films could not be determined
by the surface charges of the solution.
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Figure 7. Collagen films in different conditions of growth solution. (A) Collagen films with HAP
nanocrystals in different conditions of the solution, and the species of extrafibrillar growth of HAP
is marked with red dox (scale bar, 2 mm). (B) Sizes of precursors in different conditions when the
solution is in the condition of PAA 50 ug/mL, pH 8.0. The precipitate of HAP will form rapidly and
size data cannot be obtained.

Table 1 records the percentage of the area (%) of collagen films with HAP nanocrystals
after the 24 h reaction. When intrafibrillar growth of HAP in collagen films was achieved,
increasing the concentration of PAA led to the reduction of the area with HAP nanocrystals.
That is because the high concentration of PAA leads to the isolated existence of ACP and
no preferred aggregation of ACP [25]. In our previous research on the intrafibrillar growth
process of HAP, we found that significant aggregation of ACP takes place on the surface of
collagen fibrils, which facilitates the infiltration process (Figure 4B). However, when these
ACPs become isolated, no preferred aggregation of ACP exists on the surface of collagen
fibrils and inhibits the infiltration process. Therefore, an overly high concentration of PAA
results in more isolated ACP, which diminishes the growth rate of HAP in collagen films.

Table 1. The percentage of the area (%) with intrafibrillar HAP nanocrystals of collagen films in
different conditions. “EX-growth” means the extrafibrillar growth of HAP.

PAA
pH Value
50 ug/mL 100 ug/mL 150 ug/mL
6.5 No growth No growth No growth
7.0 No growth No growth No growth
7.5 77.5 £ 4.3% 30.6 £ 7.7% 73 +12%
8.0 EX-growth 51.8 £ 6.7% 13.3 £ 2.6%

For the result that weak acid and neutral growth solution both do not achieve the
mineralization of the collagen films regardless of the concentration of PAA, one reasonable
explanation for this is that in our system, the ratio value of the concentration of PAA versus
calcium and phosphate concentrations is too high. The ACP remains almost isolated in
weak acid and neutral mineralizing solutions. Therefore, no preferred aggregation of ACP
exists on collagen fibrils, which inhibits the infiltration process of ACP [25]. When keeping
the concentration of PAA constant, increasing the pH value will accelerate the rate of
growth. That is because raising the pH value of the growth solution will lead to an increase
in the size of ACP (Figure 7B), which reduces the content of the isolated ACP and causes
more aggregation of ACP on the collagen fibrils. This will contribute to the infiltration
process and accelerate the rate of intrafibrillar growth of HAP. However, an overly high pH
value will lead to rapid crystallization of HAP and result in a large amount of precipitation
in the growth solution, which leads to the extrafibrillar growth of HAP on the surface of
collagen films. It is a good explanation for the occurrence of extrafibrillar growth of HAP
when the growth solution contains 50 pg/mL PAA and pH is at 8.0 (Figure S7). Hence, the
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proper pH value can accelerate the mineralization rate. In our system, the growth solution
contains 50 ug/mL, and a pH of 7.5 is the best condition which generates the fastest growth
of HAP in the collagen film.

4. Conclusions

In summary, we investigated the growth of hydroxyapatite nanocrystals by using
polyacrylic acid as a non-collagen analog to carry out the in vitro multi-scale mineralization
of 1D collagen fibrils and 2D collagen films. The results by using 1D collagen fibrils as
matrices strongly showed the intrafibrillar growth of HAP. TEM characterization showed
the co-oriented arrangement of intrafibrillar HAP nanocrystals with an interplanar dis-
tance of 0.34 nm and an orientation along the longitudinal axis of the fibril. In addition,
the evolution process of HAP nanocrystals in collagen fibrils and detailed information
were confirmed by TEM, showing five stages of mineralization: original collagen fibril;
ACPs absorb on collagen; ACPs infiltrate collagen fibril and begin to transform into HAP;
plenty of HAP is formed inside collagen fibril; collagen fibril with the full growth of HAP
nanocrystals. Then, the growth of HAP nanocrystals was extended from collagen fibrils
to larger scale collagen films. The small areas of mineralized HAP nanocrystals grew and
combined to form larger areas, finally achieving the growth of HAP nanocrystals through
the whole film. The change of areas varied linearly with time. In addition, the concentration
of PAA and pH value of the solution influenced the growth rate of HAP nanocrystals in
collagen films.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cryst13040692/s1. Figure S1: The original collagen fib-
ril. Figures 52-S4: Monitoring of areas with HAP of film in the growth solution of different conditions.
Figure S5: The collagen films reacted in the solution of different conditions. Figure S6: Zeta potential
of precursors in different growth solutions. Figure S7: The extrafibrillar growth of HAP of the films
in a growth solution of 50 ug/mL PAA, pH 8. Tables S1-S3: The size (um) of selected areas of film in
Figures S2 and S3, respectively. Table S4: The growth area ratio of each specimen in Figure S5.
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