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ABSTRACT: Calcium phosphate salts, which have a similar
composition with the mineral phase in natural bone, have
been extensively studied for their applications in bone
regeneration. However, another calcium-based mineral,
calcium carbonate, which is also frequently found in
biological materials, is seldom considered for this purpose
despite their high biocompatibility and bioactivity. Herein, we
report the performance of five types of biomimetic mineral
films that are fabricated via the mineralization of calcium
carbonate and calcium phosphate on chitin. These films have
different in vitro degradation dynamics because of their
varied stability. They also show distinct surface roughness,
modulus and hardness. Cytological analyses reveal that,

CaP-CaCOs composites

Controlled physiochemical properties

Biocompatibility

Osteoinductivity

although these films all display high biocompatibility, they exhibit diverse osteogenic differentiation behavior, which can be
attributed to their respective physicochemical properties. Real-time polymerase chain reaction assays suggest that the
aragonite group can lead to higher expression of the six representative osteogenic genes, which even surpasses the
amorphous calcium phosphate group and the aragonite-crystalline calcium phosphate composite group. These results
illustrate that calcium carbonate and its composites with calcium phosphate are potential bone repair materials. We
anticipate these mineral-based materials with controlled physiochemical properties, along with their specific fabrication
techniques, can facilitate the design and production of mineral-based bone repair materials with optimized performance.

KEYWORDS: mineral-based composite films, biomimetic mineralization, calcium carbonate, calcium phosphate, bone

regeneration

1 Introduction

Bone repair materials are of crucial importance for faster recovery
of bone defects, especially the critical bone defects that cannot be
spontaneously repaired [1]. Ideal bone grafts have to integrate
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several advantages, including the proper mechanical properties, the
high biocompatibility, the high osteogenic capability, the tunable
biodegradability, and the good accessibility [2]. Currently,
autologous bone grafts are regarded as the golden standard for
clinical bone regeneration. Yet the drawbacks such as the limited
supply and the morbidity at donor-site notably restrict their
applications [3]. Various artificial materials have thus been
developed for artificial bone grafts. The high toughness of metallic
materials makes them a potential candidate, but the overwhelming
mechanical properties such as the relatively high hardness can cause
stress shielding. Besides, the release of metal ions during the
degradation process lowers their biological activity. These problems
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can lead to the wear and inflammation of native tissue and the
restrained bone integration [4]. By comparison, bioactive ceramics
have excellent biological properties but exhibit low mechanical
strength and fracture toughness [5]. While some polymer materials
have both good mechanical properties and high biological activity,
their application are limited by the acidic products generated
during  their  degradation, which destruct the local
microenvironment around the bone defects. Specifically, polyether
ether ketone (PEEK) has received increasing attention because its
mechanical properties are more compatible with the human bone.
Nevertheless, its biological inertness and hydrophobicity can
impede bone integration, retarding its better performance for
biomedical applications.

Because of their similar constituents with natural bone, mineral-
based composites have long been deemed a promising candidate
for bone regeneration. While these composites can show both high
biocompatibility and high osteogenic capability because of their
constituents. Meanwhile, their low fracture toughness has also been
enhanced by biomimetic structural designs [6-8]. More
importantly, minerals can have many crystalline phases as well as
amorphous phases with different compositions [9, 10]. This offers
great opportunities to fabricate various mineral-based composites
with diverse physiochemical properties, which would substantially
affect their performance for bone regeneration. Because the
inorganic phase in natural bone is hydroxyapatite, which is
essentially a calcium phosphate salt, the bone repair capabilities of
various calcium phosphate salts have been extensively studied
[11-13]. However, calcium carbonate, which is also a widespread
mineral in biological materials, has received much less attention
[13-16]. Nevertheless, calcium carbonate is found to be
homologous to calcium phosphate in the evolution tree. Even in the
hydroxyapatite of human bone, some of the phosphate ions are
replaced by carbonate ions, implying the possibility of
incorporating calcium carbonate in bone repair materials.
Moreover, rather than using the mineral phase in graft materials
directly, bone regeneration process involves the decomposition of
the mineral phase and the subsequent remineralization [17-21]. In
this regard, calcium carbonate, which is more chemically unstable
than calcium phosphate, should also be able to play a role in bone
regeneration.

Surface roughness has been reported to influence cell division,
proliferation and osteogenic behavior by affecting protein
adsorption, cell adhesion and cell diffusion on the material surface
[22, 23]. In addition, different mineral ions, such as calcium ions,
phosphate ions and carbonate ions, can affect cell adhesion and
growth, by which the difference in mineral phase and ion content
can lead to the difference in cell activity and osteogenic induction
ability [24-26]. Therefore, it is necessary to systematically evaluate
the potentials of calcium carbonate and its composites with calcium
phosphate for bone regeneration applications. Owing to the
tunability of biomimetic —mineralization process, these
physiochemical properties have been properly controlled for both
calcium carbonate and calcium phosphate in previous reports
[27-32]. We herein reported the fabrication of five distinct mineral-
based composite films via the mineralization of calcium phosphate
and calcium carbonate on chitin, which is a biopolymer with
renowned advantages for biomedical applications [33]. These films
were composed of different mineral phases associated with the two
compounds. The physiochemical properties of these films that have
been proved to affect the material performance in bone
regeneration, such as their surface roughness, modulus, hardness,
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and degradation rate, were comparatively studied [4, 34]. The
results revealed non-negligible differences between the films,
indicating that the physiochemical properties of these composites
could be tuned according to clinical requirements. Moreover,
elaborated cell experiments demonstrated the osteogenic
differentiation characteristics of these films varied from each other,
although all films exhibited good biocompatibility. Notably, the
aragonite group, which is a crystalline phase of calcium carbonate,
and the crystalline calcium phosphate group showed the highest
osteogenic gene expression, which suggested the possibility of using
calcium carbonate in bone repair materials.

2 Results and discussion

2.1 Syntheses and composition analyses

The phase control of the calcium carbonate-calcium phosphate
composite films was achieved by tuning the mineralization
solutions, in which the chitin substrate films were mineralized
(please see 4.2—-4.7 in Experimental section). Specifically, high Mg*
concentration led to the formation of pure aragonite (sample: Ara),
whereas low Mg ion concentration led the formation of aragonite-
calcite (sample: Ara-Cal). In addition, high polyaspartic acid
(PASP) concentration induced the precipitation of amorphous
calcium phosphate (sample: ACP), while low PASP concentration
induced crystalline calcium phosphate (sample: CCP). As carbonate
substitution has been found in the hydroxyapatite of human bone, a
film containing both aragonite and crystalline calcium phosphate
(sample: Ara-CCP) was also synthesized via a two-step
mineralization process [20, 21]. The mineral contents of these
mineral-based composite films are about 70%, which were
estimated through thermogravimetric analyses (Fig. S7 in the
Electronic Supplementary Material (ESM)). The information of five
films are summarized in Table S5 in the ESM.

Scanning electron microscopy (SEM) images showed that all the
films have a continuous mineralized surface consisting of packed
nanoparticles (Figs. 1(a-1)—1(e-i)). Cross-sectional images suggested
the mineralization occurred not only on the surface but also inside
the chitin matrix (Figs. 1(a-ii)—1(e-ii)). Elemental analyses showed
the presence of Ca, C, P and O in these films, which were in line
with their respective mineral phases (Figs. S1-S5 in the ESM).
Notably, although there is a sequential order of growth, the mineral
phase of the Ara-CCP group is homogeneous rather than
heterogeneous. This can be explained by the interconversion of the
calcium-based minerals via dissolution and recrystallization. To
explore the crystallographic properties of the films, the samples
were examined by high resolution transmission electron
microscopy (HRTEM). The Ara sample showed the (111) and
(032) planes of aragonite (Fig. 1(a-iii)). The Ara-Cal showed the
(122) plane of aragonite and (202) plane of calcite (Fig. 1(b-iii)).
While the ACP sample showed no lattice (Fig. 1(c-iii)), indicating
its amorphous nature, the CCP showed the characteristic (110)
plane of crystalline calcium phosphate (Fig. 1(d-iii)). Similarly, the
Ara-CCP revealed both the (111) plane that is characteristic to
aragonite, and the (112) plane characteristic to hydroxyapatite (Fig.
1(e-iii)). The HRTEM observations agree with the X-ray diffraction
(XRD) data, except that the XRD data revealed the existence of
more crystalline phases of calcium phosphate in the CCP and the
Ara-CCP (Fig. S6 in the ESM). The difference can be explained by
that the two characterization methods are acting on two distinct
length scales.
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Figure1 SEM and HRTEM micrographs of the five mineral-based films revealing their (i) surfaces, (ii) cross sections, and (iii) crystallographic features: (a) Ara; (b) Ara-
Cal; (c) ACP; (d) CCP; (e) Ara-CCP. Scale bars are 1 um for (i) and (ii), 5 nm for (iii). Notes in (iii): yellow—aragonite; red-calcite; white—hydroxyapatite.

To further verify the composition of the composite films, Fourier
transform infrared spectroscopy (FTIR) analysis was performed
(Fig. S8 in the ESM). The spectrum of the Ara sample showed the
asymmetric aragonite CO; stretching vibration at 1488 cm™, the
symmetric aragonite CO;” stretching vibration at 1083 cm™, the
aragonite CO;” out-of-plane bending vibration at 858 cm™, and the
split peaks at 700 and 713 cm™, which could be ascribed to the
COy” in-plane bending vibration [35—-37]. For the Ara-Cal sample,
the characteristic peak at 1083 cm™ could be attributed to the
symmetric aragonite CO5> stretching vibration. The calcite CO;*
asymmetric stretching vibration was responsible for the peak at
1420 cm™, whereas its out-of-plane bending absorption was
represented by the peak at 873 cm™ [36-38]. The FTIR also
revealed the difference between the two calcium phosphate-based
films. The single peak at 570 cm™ in the ACP spectrum was
characteristic to the PO, in amorphous calcium phosphate [39].
Meanwhile, the two absorption peaks at 602 and 570 cm™ in the
CCP spectrum could be attributed to hydroxyapatite, and the 1651
and 874 cm™ to brushite [40-44]. Furthermore, in the spectrum of
the Ara-CCP sample, the presence of aragonite could be proved by
several peaks that could be ascribed to aragonite CO;: the
symmetric tensile vibration at 1110 cm™, the in-plane bending
vibration at 713 cm™. Besides, the peaks around 1063 cm™ could be
attributed to the PO, in hydroxyapatite, and the 1651 and 874 cm™
to brushite [40—45].

We also conducted Raman spectroscopy measurements to
determine the mineral composition. The peaks at 210 and
1084 cm™ indicating that the presence of aragonite could be
observed in the spectra of Ara, Ara-Cal and Ara-CCP samples [36,
46]. The peaks at 280, 458 and cm™ attesting to the presence of
calcite could be found in the Ara-Cal spectrum [46, 47]. The peaks
at 430 and 960 cm™ ascribed to hydroxyapatite, and the peaks at
207, 587 and 875 cm™ ascribed to brushite were presented in the
two samples containing crystalline calcium phosphate [42, 43, 45,
48-50]. Nevertheless, the peak characteristic to amorphous calcium
phosphate were weaker than those for crystalline calcium
phosphate and shifted to 952 cm™ (Fig. S9 in the ESM) [48].
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Therefore, both the FTIR and the Raman spectroscopy further
validate the mineral composition of the five composite films.

2.2 Surface morphological and mechanical properties

Because the material surface morphology and mechanical
properties strongly affect its performance both in vitro and in vivo,
microscale surface analyses of the five films were conducted to
study if the presence of calcium carbonate could endow the mineral-
based materials with new bone repair potentials. Atomic force
microscopy (AFM) revealed the nanoparticulated surfaces of all the
films (Figs. 2(a)-2(e)). The surface roughness of each composite
film was compared through height analysis (Fig. 2(f)). The result
suggested that, while the surface height of the other groups did not
deviate too much from the average value, that of the Ara-CCP
sample fluctuated notably, indicating this film had a relatively rough
surface. The results were consistent with the arithmetic mean
roughness Ra and the height distribution of the AFM images (Figs.
2(a)-2(e), and 2(g)). The different surface roughness of these film
materials might lead to different cell attachment, growth and
migration during bone regeneration process.

The microscale mechanical properties of the films were analyzed
by means of nanoindentation tests (Figs. 2(h)-2(i)). In the depth-
control mode, the CCP sample required the largest load to achieve a
given depth, whereas the Ara-Cal required the smallest load at the
fixed depth (Fig. 2(h)). The required loads for the other three
samples were similar, but were much smaller than that of the CCP.
A possible explanation for the results is the different crystallinity
and the packing density of the samples. Accordingly, the CCP
sample exhibited the highest hardness and modulus, while the Ara-
Cal showed the lowest (Fig. 2(i)). As it has been reported that the
mechanical properties of bone graft materials are key to the
osseointegration, such tunable hardness and modulus caused by the
incorporation of calcium carbonate and the phase-controlled
mineralization would be beneficial for optimizing the in vivo
performance of bone graft materials [51].

2.3 In vitro biocompatibility and degradation behavior
To ensure the applicability of these mineral-based materials either
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Figure2 Microscopic surface roughness and mechanical properties. Surface morphologies of (a) Ara, (b) Ara-Cal, (c) ACP, (d) CCP, and (e) Ara-CCP. Arithmetic mean
roughness (Ra) was at the bottom left of each graph. (f) Surface profile along the dashed lines in each graph. (g) Height distribution derived from (f). (h) Nano indentation-
based load-displacement curves of each sample. (i) Hardness and modulus of the samples calculated from nano indentation data. Scale bars are 300 nm for (a)-(e).

in the form of film or bulk for tissue engineering, their in vitro
biocompatibility and degradation behavior were evaluated. To
verify the biocompatibility of the materials, especially those with
calcium carbonate incorporation, MC3T3-E1 cells (murine calvarial
osteoblast cell line) were co-cultured with the five sample groups
and blank control group respectively. The cell biocompatibility was
quantitatively evaluated via cell counting kit-8 (CCK-8) assay,
where the absorbance is proportional to the cell viability and thus
reflects the cytotoxicity. The cell viability was measured at 24, 48
and 72 h after incubation (Figs. 3(a)—3(c)). After 24 h of culture, the
cell viabilities of all the sample groups were relatively high, among
which the CCP group showed the highest value. With increased
incubation time, the cell viability decreased slightly compared with
the control group yet remained a high level, confirming the non-
cytotoxicity of these mineral-based materials.

Live/dead staining assay was also carried out on the MC3T3-E1
cells that were co-cultured with the materials. The stained cells were
observed by confocal fluorescence microscopy to determine the
influence of different materials on the cells. After 24 and 48 h of co-
culture, almost all the MC3T3-E1 cells were alive, showing green
fluorescence in the images (Figs. S10 and S11 in the ESM). In
contrast, there were only a few dead cells that showed red
fluorescence (marked by white circles) for all the sample groups.
Even after 72 h of co-culture, living cells remained dominating
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(Figs. 3(d)-3(h) and Fig. S12 in the ESM). To observe the
morphology and cytoskeleton structure of the co-cultured MC3T3-
E1 cells, the cells were stained by Actin-Tracker Green-488 and 4',6-
diamidino-2-phenylindole (DAPI) respectively. For all the sample
groups with an incubation time of 24, 48 and 72 h, the cells all
exhibited shuttle shapes and spread extensively (Figs. S13-S15 in
the ESM). The above results thus demonstrated the good
biocompatibility of all these mineral-based materials.

The proper degradation rate of bone graft materials can ensure
the fast bone regeneration at the early stage of implantation and the
gradual replacement of the grafts by newly formed autonomous
bone, and thus is crucial for efficient bone regeneration.
Considering their diverse chemical stabilities, the incorporated
calcium carbonate components with controlled phases are
supposed to substantially change the degradation behavior of the
mineral-based films. We therefore quantitatively assessed the
degradation kinetics of these materials by soaking them in
phosphate-buffered saline (PBS) solution for up to 45 days (Fig. S16
in the ESM). The five sample groups showed distinct degradation
curves. The residual masses gradually decreased over time,
indicating a degradation tendency. The materials degraded
relatively fast in the first 15 days. While the masses of the other four
samples fluctuated slightly thereafter, which could be attributed to
the re-deposition of the solved calcium ions minerals, the ACP

(8) 27 wa | Sci@pen
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Figure3 Viability histogram of MC3T3-El cells co-cultured with different materials for (a) 24 h, (b) 48 h and (c) 72 h. The data are presented as mean + SD. Three
biologically independent specimens were tested for each material. The results were analyzed via one-way ANOVA to study if the sample groups differed from the control
group (ns indicates no significant difference; *P < 0.05; **P < 0.01; **P < 0.001). The live/dead staining of the cells co-cultured for 72 h with (d) Ara, (e) Ara-Cal, (f) ACP,
(g) CCP, and (h) Ara-CCP. The red fluorescent areas are marked with white circles (enlarged details are shown in Fig. S12 in the ESM). Scale bars: 100 pm.

sample degraded increasingly fast after 21 days. The different
degradation kinetics suggested a possible difference in their
osteoinduction capabilities.

24 In vitro osteoinductivity assessment

Alkaline phosphatase (ALP) is one of the functional genes
expressed in the early osteogenesis process and is therefore widely
used as an early osteoblast marker [41]. To evaluate the osteogenic
capability of these materials, ALP activity tests were carried out.
MC3T3-E1 cells were co-cultured with the sample groups for 14
and 21 days, followed by ALP staining. Optical microscopy images
showed that all the sample groups were stained heavily with blue-
purple color, and the density increased as the cell co-culture time
elongated (Fig. 4 and Fig. S17 in the ESM). The quantitative results
suggested that the ALP activities of all the sample groups were
significantly higher than the control group, indicating that these
mineral-based materials can effectively promote osteogenic
differentiation of MC3T3-El cells (Fig. S18 in the ESM). In
addition, among the five sample groups, the Ara and the CCP
samples showed the highest ALP activities, which implied that their
osteogenic differentiation capabilities were not the same.

Ara Ara-Cal ACP CCP Ara-CCP
R = Z 25,

=y

S : Yir 4

< W wp B R R P R
Figure4 ALP staining (top) and alizarin red staining (down) of the MC3T3-El

cells co-cultured with different materials after 21 days of osteogenic induction.
Scale bars: 400 pm.

Calcium nodules are one of the important signs of the late stage
of osteogenic differentiation [52]. The calcium nodules were
observed by alizarin red staining after 14 and 21 days of co-culture
of the MC3T3-E1 cells with the materials (Fig. 4 and Fig. S19 in the
ESM). Calcium nodules were observed in all the material groups at
both time points, and the calcium nodule number increased as the
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co-culture time increased. The quantitative results showed that the
number of calcium nodules in all the sample groups were
significantly higher than the control group, and the number of
calcium nodules in Ara and CCP samples were the highest, which
was in line with the ALP staining assay (Figs. S19 and S20 in the
ESM). The results indicated that all these mineral-based materials
had the potential to induce bone formation.

To further investigate the osteogenic performance of these
mineral-based film materials, the expressions of early osteogenic
markers runt-related transcription factor 2 (RUNX2), alkaline
phosphatase (ALP), osterix (OSX), and osteopontin (OPN), and
late osteogenic markers osteocalcin (OCN) and type I collagen
(COL-I) were analyzed via real-time quantitative polymerase chain
reaction (RT-qPCR) assay (Fig. 5 and Figs. S21-523 in the ESM)
[52]. Generally, the sample groups showed an enhanced osteogenic
gene expression compared with the control group (Figs. S21 and
S22 in the ESM). The Ara and the CCP group exhibited relatively
higher expression levels of all the six markers either after 14 days or
after 21 days of co-culture than the other three groups, although
some of the differences were not significant. Specifically, the
superiority of the Ara and the CCP groups was more pronounced
in the expressions of OSX, OPN and OCN after 14 days of co-
culture, whereas superiority was more pronounced for RUNX2,
ALP, OSX and OCN after 21 days (Fig. 5 and Fig. S23 in the ESM).
Therefore, the incorporation of calcium carbonate indeed altered
the osteogenic behaviors of the mineral-based materials. The high
performance of the Ara group, which was similar with that of the
CCP group, also suggested its potentials for the construction of
bone repair materials. Because the expressions of these markers
were strongly influenced by the microenvironments in which the
cells lived, the above differences could be attributed to the different
microenvironments created by the degradation of these materials
(Fig. S16 and Table S4 in the ESM), which were associated with the
mineral compositions, phases and surface morphologies.

2.5 Discussion

Calcium phosphate and calcium carbonate have been the two main
minerals used by organisms to construct their bones and
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Figure5 RT-qPCR assay of six representative osteogenesis genes (RUNX2, ALP, OSX, OPN, OCN and COL-1) after 21 days of co-culture. The data are presented as
mean + SD. The results were analyzed via one-way ANOVA (ns indicates no significant difference; *P < 0.05; **P < 0.01; **P < 0.001).

exoskeletons for millions of years. Organisms develop their own
calcified tissue simply by choosing specific mineral phases and
adjusting the ratio of phosphate/carbonate according to the
environments they live in. The two minerals also co-exist in many
organisms. These facts make them essentially biologically
homologous [17, 18]. Moreover, the chemical stability of calcium
carbonates differs from that of calcium phosphate, by which the
degradation kinetics as well as the eventual bone repair
performance can be tuned. It is thus supposed that calcium
carbonates can also be preferred mineral materials for the repair of
bone, where hydroxyapatite is the dominate mineral phase. The in
vitro experiments have proved the biocompatibility of the calcium
carbonate-calcium  phosphate composite films, and their
degradation could be tuned by controlling the mineral
compositions, phases and surface morphologies. Accordingly, they
also exhibited osteogenic behaviors. Therefore, the design of this
work is well supported by the experimental results.

3 Conclusions

In summary, we reported the fabrication of five calcium carbonate-
calcium phosphate composite films with controlled compositions
and phases via biomimetic mineralization. These films had different
surface morphologies and mechanical properties. The
incorporation of calcium carbonate did not affect the high
biocompatibility of the materials; on the contrary, calcium
carbonate can effectively change the degradation kinetics and the
osteoinductivity of the materials. As calcium carbonate has many
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crystalline and amorphous phases, the results in this work provided
new possibilities for designing mineral-based bone grafts [9, 10].
We thus anticipate that our findings facilitate the development of
customized bone repair materials.

4 Methods

4.1 Materials

Polyacrylic acid (PAA; My = 1800 g:mol™) was purchased from
Sigma-Aldrich, Inc. Chitosan, NaCl, CaCO,, MgCl,-6H,0, HC],
NaOH, NaHCO;, acetic acid, acetic anhydride, methanol, and
ethanol were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Phosphate-buffered saline solution (PBS solution; calcium and
magnesium free; pH = 7.4) was purchased from BioDee
Biotechnology Co., Ltd, and was used for preparing the
mineralization solution of the ACP films. PBS solution (pH = 7.4)
was bought from Servicebio Technology Co., Ltd., and was used for
degradation analyses. Na,HPO, and CaCl, solution (1 M) were
purchased from Aladdin Reagent Co., Ltd. Polyaspartic acid (PASP;
My = 12,546 gmol™; courtesy of Prof. Hui Cao from Beijing
University of Chemical Technology). Tris-HCl solution (1 M; pH =
9.0) was acquired from Sangon Biotech Co., Ltd. Lysozyme (activity
> 20,000 units/mg) was bought form Labgic Technology Co., Ltd.
All reagents were used as received without further purification.

4.2 Preparation of chitin substrate film
2 wt.% chitosan aqueous solution was prepared by adding 2 g of
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chitosan powder into 96 mL of de-ionized water (DIW), and then
2 mL of acetic acid was added dropwise into the suspension under
vigorous stirring. 10 mL of the above chitosan solution was evenly
spread in a circular petri dish with a diameter of 10 cm and dried in
an oven at 60 °C. The dried chitosan films were treated with a
mixed solution of methanol and acetic anhydride (volume ratio was
10 to 1) at 50 °C for 4 h to convert chitosan film into chitin
substrate films, which was quite stable in aqueous solution.

4.3 Preparation of Ara film

CaCO; suspension was bubbled with CO, under vigorous stirring
at 25 °C for 4 h to obtain saturated CaHCOj, solution. The residual
CaCO; was filtered to obtain a clear CaHCO; solution, where the
Ca* concentration was approximately 10 mM. PAA and Mg* were
used as additives to control the phase of the mineralization
products. Specifically, the mineralization of Ara film material was
induced by adding 0.3 mL of PAA solution (0.2 M) and 6 mL of
MgCl, solution (2 M) to 100 mL of the above CaHCO; solution. A
prepared chitin film (2 cm x 2 cm) were immersed into this
mineralization solution, which was then placed in an oven at 42 °C
for two days. The obtained mineralized film was thoroughly rinsed
with DIW.

44 Preparation of Ara-Cal film

The procedures were similar with the preparation of Ara film
except for the amount of the additives. The mineralization solution
was obtained by adding 0.1 mL of PAA and 0.2 mL of MgCl, to
100 mL of the above saturated CaHCO; solution.

4.5 Preparation of ACP film

A modified simulated body fluid (SBF) was prepared first as
mineralization solution (Table S1 in the ESM). A chitin film was
immersed into 100 mL of the SBF solution and placed in an oven at
37 °C for 3 days. The obtained mineralized film was thoroughly
rinsed with DIW.

4.6 Preparation of CCP film

The SBF was further modified for the preparation of CCP film
(Table S2 in the ESM). The chitin film mineralization was kept at
45 °C for five days. To further improve the crystallinity, the
mineralized films were placed in DIW at 60 °C for 1 day.

4.7 Preparation of Ara-CCP film

A chitin film was mineralized with the CCP mineralization solution
and then the Ara mineralization solution successively. The
procedures were the same as those described above.

4.8 Characterizations

Scanning electron microscopy (SEM) characterization was carried
out on a Zeiss Gemini450 scanning electron microscope equipped
with an Oxford ULTIM MAXI00 detector. HRTEM
characterization was performed on an FEI Talos F200X
transmission electron microscope. An ultrathin cross-sectional slice
of the film used for HRTEM observation was obtained by focused
ion beam (FIB) technique. FTTR spectroscopy was acquired with a
Thermo  Nicolet  iN10  Fourier  transform  infrared
spectrophotometer. Thermogravimetric analyses (TGA) were
operated wusing a TA Instruments TGA  Q5000IR
thermogravimetric analyzer. X-ray diffraction (XRD) data were
acquired with a Philips X'Pert 1 X-ray diffractometer. Raman
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spectroscopy data were obtained by a LabRAM Confocal Raman
spectrometer equipped with a 785 nm excitation laser. Inductively
coupled plasma optic emission spectroscopy (ICP-OES) was
performed on a PerkinElmer Avio 220 MAX ICP-OES. AFM
images were obtained via a Bruker Dimension Icon atomic force
microscope under the tapping mode. Nanoindentation tests were
carried out using a Bruker Hysitron TT 980 nanoindenter equipped
with a triangular pyramid (Berkovich) tip. Each sample was tested
at least five times.

4.9 In vitro degradation test

Six parallel specimens at each time point were prepared for each of
the five film materials. Each sample initially weighed ~ 0.025 g, and
the precise mass was noted as W,. The degradation solution was
prepared by mixing lysozyme (final concentration was 0.1 g-L') and
25 mL of PBS solution. Specimens were immersed in the above
degradation solution and placed in a shaker at 37 °C. The dry
weight (W,) was measured and recorded after 1, 3, 7, 14, 21, 30, and
45 days respectively. The degradation rate Ry for each specimen at
each time point was then calculated by Eq. (1)

W, — W
Rd:%xloo% (1)

410 Cytological experiment

4.10.1 Acquisition of material extracts

Aqueous extracts of the film materials were used for cytological
experiments (control group: blank, i.e., no material was used). The
extracts were obtained according to the ISO10993-12 standard. For
cell activity assays, the extraction medium was a-MEM medium
solution (Gibco) containing fetal bovine serum (0.1 mL-mL™),
penicillin (100 U-mL™) and streptomycin (100 mg-mL™) (Gibco).
The disinfected material was put into a sterilized culture bottle, and
the extraction medium was added (the ratio of the material to the
extraction medium was 0.1 g per 1 mL, which was about 6 cm® of
the film per 1 mL of medium). Then they were co-incubated for
72 h (37 °C, 95% relative humidity, and 5% CO,) to obtain the
material extracts. For osteogenic assays, the extraction medium was
osteogenic induction medium (MUXMT-90021). All extracts were
stored at 4 °C for subsequent experiments. The Ca** concentration
in the extracts as well as in the media was measured by ICP-OES,
and three independent tests were carried out for each sample.

4.10.2 Live/dead staining test

The culture medium of MC3T3-E1 cells was replaced by the above
material extracts (ae-MEM medium). Observation and detection of
cell viability were accomplished using the LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen). The staining was carried out
by incubation at room temperature for 45 min. The cells were then
observed using a fluorescence microscope (Olympus IX51). The
percentages of living and dead cells were analyzed statistically.

4.10.3 Cell skeletal staining test

The culture medium of MC3T3-E1 cells was replaced by the above
material extracts (e-MEM medium). The cells were fixed and
stained with Actin-Tracker Green-488 and 4'6-diamidino-2-
phenylindole (DAPI; Beyotime Biotechnology) and Actin-Tracker
Green-488 dye (Beyotime Biotechnology). Each staining lasted for
5 min. The cells were rinsed by soaking in PBS solution 3 times,
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and each time lasted for 5 min to remove the remaining staining
solution.

4.10.4 CCK-8assay

The culture medium of MC3T3-E1 cells was replaced by the above
material extracts (a-MEM medium). Cell counting kit-8 (CCK-8;
7Sea Biotech) was used for detection. The optical density (OD)
values at 450 nm were measured by an enzyme-linked
immunosorbent assay (ELISA) microplate reader and analyzed
statistically. The cell viability was calculated using Eq. (2)

o OD, —OD,
Cell viability = oD, 0D,
where OD, was the optical density of the experimental groups, ODy,
was the optical density of the blank group (cell free), and OD, was
the optical density of the control group.

% 100% (2)

4.10.5 Alizarin red staining test

24-well plates were pretreated with 0.1% gelatin (Beyotime
Biotechnology). The MC3T3-El cells were seeded in the above
plates at a density of 2 x 10* cells/well. After 24 h of culture, the
original culture medium was replaced by the above material
extracts (osteogenic induction medium). The medium was renewed
every 2 days, and the calcium nodules were observed via staining
with alizarin red staining solution (Cyagen Biosciences). After the
observation, 10% cetylpyridine chloride was added to dissolve
calcium nodules for 30 min, and OD value at 570 nm was
determined by enzymoleter for statistical analysis.

4.10.6 ALP staining and analysis

The procedures of the alkaline phosphatase (ALP) staining were
similar with the alizarin red staining except that the staining
solution was ALP solution (Beyotime Biotechnology). The
quantitative analysis of ALP activity was performed using Alkaline
Phosphatase Assay Kit (Beyotime Biotechnology).

4.10.7 RT-qPCR assay

The cell culture procedures were similar with those of the alizarin
red staining test. After 14 and 21 days of culture, RT-qPCR
technique was used to examine the expression of osteogenic
differentiation gene markers, including RUNX2, ALP, OSX, OPN,
OCN and COL-I. The GAPDH was used as an internal reference,
and the data were statistically analyzed according to 2. The
primer sequences were shown in Table S3 in the ESM.

4.10.8 Statistical analysis

All data are expressed as mean =+ standard deviation (SD). One-way
analysis of variance (ANOVA) was used for statistical analysis of
comparisons between multiple data groups. P < 0.05 was
considered statistically significant: *P < 0.05; *P < 0.01; **P < 0.001.

Electronic Supplementary Material: Supplementary material
(elemental mapping, XRD, TGA, FTIR, Raman, cell staining, and
RT-gPCR) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907055.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and/or the Electronic Supplementary
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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