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Abstract
Background: The modi�cation of 3D printed porous titanium (Ti) have received signi�cant attention to
promote its osteogenesis for clinical use.

Methods: Ultra-violet (UV) responsive chitosan (CSMA), as an injectable �lling material, was incorporated
into porous Ti, and  in situ  mineralized by carbon oxide (CO2) diffusion to form mineralized CSMA
(CSMA/CaCO3). Physiochemical and biological properties were investigated  in vitro .

Results: CMSA/CaCO3  exhibited porous morphology and favorable biocompatibility, which could
promote adhesion and proliferation of bone mesenchymal stem cells (BMSCs). Moreover, the release of
Ca2+  from CaCO 3  particles could increase alkaline phosphatase (ALP) activities, up-regulate osteopontin
(OPN) and osteocalcin (OCN) expression levels, and enhance extracellular mineralization of BMSCs.

Conclusions: 3D printed porous Ti �lling with mineralized UV-responsive chitosan hydrogel could promote
proliferation and osteogenesis of BMSCs, and have great potential for Ti implant modi�cation in bone
tissue engineering.

1. Introduction
Titanium (Ti) and its alloys have been widely applied for biomedical application due to their superior
physicochemical properties and biocompatibilities for last several decades [1, 2]. The fabrication of
porous Ti implants by 3D printing technology are catching the interests as the strategy for hard tissue
replacement, which could effectively avoid stress shielding, control mechanical properties to targeted
implantation area and favor bone ingrowth [3–6].

Somehow, bioinert Ti implants cannot induce enough bone regeneration, resulting in nearly 10% failure
rate of hard tissue replacement in clinic treatment [7, 8]. Surface modi�cation methods (i.e.
electrochemical deposition, biochemical coating and chemical vapor deposition) are necessary to
improve physicochemical properties of Ti, as well as forming fast �xations and chemical bonds with
bones [9, 10]. Calcium -based minerals, such as calcium phosphate and calcium carbonate (CaCO3) are
widely used for surface modi�cation owing to their favorable osteoinductivity. However, the traditional
methods to deposit mineral coating, including micro-arc oxidation, electro-deposition and hydrothermal
treatment, mainly focus on modifying the surfaces, rather than entire pore structures [11–13]. Inner pore
structures could not only control the mechanical properties of Ti implants to match with surrounding
tissues, but also facilitate cell adhesion and tissue ingrowth.

Recently, stimulate-responsive hydrogels, which can undergo reversible or inversible phase transition in
situ by light, heat, magnetism and/or force stimulation, have received signi�cant attention as the �lling
materials for porous Ti implants [14–16]. Among them, the phase transition of photo-responsive
hydrogels allows fast gelation and injection in situ. The precisely spatiotemporal control of photo-
responsive hydrogels could regulate encapsulated drug/protein release and activate cell behaviors [5, 17,
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18]. Chitosan (CS), derived from chitin, is a natural polysaccharide with controllable biodegradability and
favorable biocompatibility. Methacrylic anhydride (MA) can interact with amidogen of CS through
acylation reaction, resulting in the formation of photo-responsive CSMA under UV radiation [5, 16, 19].

In previous study, an in situ mineralization method was developed to fabricate a CaCO3 layer at the
hydrogel-titanium interfaces by carbon oxide (CO2) diffusion [20]. The calcium chloride was �rstly added
into hydrogels, which were placed on Ti substrate. Then CO2 phase was introduced to hydrogels by

decomposition of (NH4)2CO3 powders. The Ca2+ in hydrogel were reacted with negatively charged CO3
2−

ions to form CaCO3 layer near the vapor/hydrogel interface. Therefore, it is reasonable to presume that,
the pore structure of 3D printed Ti could be modi�ed with mineralized hydrogel via similar procedure.

In present study, porous Ti was �rstly �lled with UV-responsive chitosan hydrogel. Then the in situ
mineralization by CO2 diffusion was employed to grow CaCO3 particles within hydrogel. We hypothesized

that this porous Ti �lled with mineralized chitosan hydrogel will release Ca2+ continuously, resulting in
promoted proliferation and osteogenesis of bone marrow mesenchymal stem cells (BMSCs) in vitro
(Scheme 1).

2. Materials And Methods

2.1 Fabrication of 3D printed Ti discs
Porous Ti discs were fabricated by selective laser melting (SLM) system (EOSINT-M280, EOS GmbH,
Munich, Germany) as previous described [21]. sample was designed by Solidworks software and saved
as a STL �le. Laser beam scanning (speed: 700 mm/s, power: 400 W) was utilized to fuse the powder
together to generate a desired 2D layer. Subsequently, a new layer of powder was spread, and the process
was repeated until the whole construct had been built. After printing, samples were ultrasonically cleaned
with acetone, ethanol and deionized water twice. Two types of samples were fabricated: 1) bullet-shaped
cages with open window for clear observation of CSMA hydrogels; 2) discs with 800 µm pore size, 70%
porosity (Ø10 mm × L3 mm) for further use.

2.2 Synthesis of UV responsive CSMA
Chitosan powder (Macklin Biochemical Co.,Ltd, Shanghai, China) was �rstly dissolved into 100 mL 1%
(v/v) acetic acid solution to obtain 1% (w/v) chitosan solution. Methacrylic anhydride solution (Macklin,
Shanghai, China) was slowly dropped into well-dissolved chitosan solution, kept stirring under 60°C for
12 h, and then adjusted to pH = 7 by adding Na2CO3 (Sigma Aldrich, Darmstadt, Germany) to terminate
the reaction. The mixture was dialyzed for another three days, and lyophilized to obtain CSMA powders.
1% (w/v) CSMA solution were prepared by dissolving CSMA powders into deionized water, and underwent
evaporating to obtain 2% and 3% (w/v) CSMA solution.

2.3 Preparation of porous Ti �lled with mineralized chitosan
hydrogel
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The printed porous Ti discs were heated in alkali solution to provide Ti-OH sites, according to previous
procedure [22]. Three different groups were prepared as follows, 1) 200 µL 2% CSMA solution with 0.2
wt% photoinitiator (I2959, Aladdin, Shanghai, China) were premixed and injected into alkali-treated Ti
discs, followed by UV irration (GGY250, Wuxi Changya Lighting Co., Ltd, Wuxi, China) for 3 mins, denoted
as CSMA. 2) CSMA solution with I2959 were immersed into 4 M CaCl2 solution (Sigma Aldrich,
Darmstadt, Germany), and kept stirring for 2 h. 200 µL mixture was injected into alkali-treated Ti discs,
and crosslinked by UV irradiation for 3 min, known as CSMA/CaCl2. 3) Mineralization of CSMA/CaCl2
was proceeded by CO2 diffusion (Scheme 1). (NH4)2CO3 (Macklin Biochemical Co.,Ltd, Shanghai, China)
in the speci�c apparatus was decomposed into CO2 and NH4 gas in room temperature. CO2 was diffused

into CSMA/CaCl2 mixture, and reacted with Ca2+ to obtain CSMA/CaCO3.

2.4 Characterization of porous Ti �lled with CMSA-based
hydrogels

2.4.1 Physical-chemical parameters
The microstructure of CSMA-based hydrogels (CSMA, CSMA/CaCl2 and CSMA/CaCO3) were observed by
scanning electron microscope (SEM, Quanta 200, FEI Company, Philips, Netherlands). All lyophilized
samples were sputter-coated with gold using ion sputter. SEM images were obtained at magni�cation of 
× 500. The chemical compositions of CSMA-based hydrogels were characterized by AIR-FTIR (Nicolet

IS50, ThermoFisher Scienti�c, Massachusetts, America) and XRD (Philips PW1700, Philips, Amsterdam,
Netherlands). The AIR-FTIR spectra were recorded from 500–4000 cm− 1 with a 2 cm− 1 resolution and 20
scans. XRD analysis was performed using a Cu-Kα source (λ = 1.54 nm) at 40 kV, and the spectrum were
recorded from 10 to 60° of 2 theta.

Thermal behaviors of CSMA-based hydrogels were performed by using thermogravimetric analysis (TGA,
NAICHI scienti�c instruments trading Co., Ltd, Shanghai, China). All lyophilized samples were undergoing
thermal scanning conditions (30–800°C).

2.4.2 Release kinetics of calcium ions and loaded drug
The release pro�le of calcium ions (Ca2+) in mineralized CSMA were measured by using QuantiChrom™
calcium assay kit (DICA-500, BioAssay Systems, USA). In detail, CSMA/CaCl2 and CSMA/CaCO3

hydrogels (1% and 3%) with were immersed into PBS solution at 37°C for determined periods up to 14
days. At each time points, the released Ca2+ ions in the collected supernatants were measured according
to the protocol [23].

In order to investigate the loading/release capability of CMSA-based hydrogels, rhodamine (Macklin
Biochemical Co.,Ltd, Shanghai, China) was selected as model drug which was incorporated into CSMA-
based hydrogels due to its �uorescence characteristic, and detected by using UV spectrophotometer (UV-
1800PC, Shanghai Meipuda instrument Co., Ltd, Shanghai, China). Brie�y, 0.1 mg/mL rhodamine solution
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were added into CSMA and CSMA/CaCl2 prepolymer solution, and crosslinked by UV irradiation for 3 min.
In term of CSMA/CaCO3, CO2 diffusion was similarly proceeded after incorporation of rhodamine. All
samples were immersed into physiological saline solution, and incubated at 37°C for 14 days. At planned
time point, supernatant was collected, and measured at 485 nm.

2.5 Cell culture
Bone marrow mesenchymal cells (BMSCs) (Cyagen Biosciences, Guangzhou, China) were cultured in
growth medium (BMSCs basal medium, 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic) at
37°C. The culture medium was changed every 3 days until the cells reached 80–100% con�uence. The
third to �fth passages were used to evaluate cell adhesion, proliferation, and osteogenic differentiation.

2.6 Cytotoxicity and osteogenesis of BMSCs in vitro
2.6.1 In-direct cytotoxicity
The in-direct cytotoxicity of 3D printed porous Ti �lled with CSMA-based hydrogels was investigated
based on the international standard ISO 10993-5. The leach liquor of all samples was collected after 3-
day incubation in growth medium at 37°C. BMSCs were cultured in leach liquor at a density of 5 × 104

/mL for 24 h and 48 h. Growth medium was used as the negative control, which was regarded as “cell
viability = 100%”. Positive control referred to growth medium with 0.64% phenol solution. At planned time
point, cells were washed by PBS solution, then fresh culture medium (200 µL) with 20 µL of CCK-8
reagent (Beyotime Biotechnology, Shanghai, China) were added to each sample, incubated at 37°C for 1
h, and measured at 450 nm using microreader (TECAN DNA Export, TECAN, Manedov, Switzerland).
Meanwhile, calcein-AM/PI (Beyotime Biotechnology, Shanghai, China) staining was further used to
observe live/dead cells. At the planned time point, the samples were washed with PBS solution. 500 µL
staining solution were added to each sample, and incubated at 4°C for 20 min in the dark. After being
washed by PBS solution, samples were observed under a confocal microscope (IX81-FV1000, Olympus,
Tokyo, Japan).

2.6.2 Cell proliferation and cellular morphology
2 × 104/mL cells were seeded on well-prepared samples (CSMA, CSMA/CaCl2 and CSMA/CaCO3), and
cultured for 14 days. At planned time point, cell proliferation rates was investigated by using CCK-8 kit,
according to the protocol above.

To evaluate cell adhesive ability, cell morphologies and skeleton were stained by rhodamine-conjugated
phalloidin (Beyotime Biotechnology, Shanghai, China). Brie�y, 4×105 cells were cultured in well-prepared
CSMA-based hydrogels for 24 h and �xed with 4% paraformaldehyde solution for 10 min and
permeabilized using 0.5% Triton X-100 in PBS for 5 min. After being washed with PBS for 10 min twice,
cells were incubated with rhodamine-conjugated phalloidin for 30 min in the dark followed by
counterstaining with 4′,6-diamidino-2-phenylindole (DAPI) to visualize the nuclei. Images were captured
with a confocal microscope.
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2.6.3 Osteogenesis of BMSCs
Osteogenesis of BMSCs cultured in CSMA-based hydrogels were performed by evaluating alkaline
phosphatase (ALP) activities, osteogenesis-related genes expression levels and extracellular
mineralization. Osteogenic medium was used to stimulate osteogenic differentiation, which was
composed of BMSCs basal medium, 10% fetal bovine serum, 1% antibiotic-antimycotic, 3 mmol/L β-
glycerophosphate, 50 µg/mL ascorbic acid and 1 µmol/L dexamethasone. Mineralizing medium referred
to osteogenic medium without dexamethasone (Dex). Cells were cultured on 48-well tissue culture plate
(TCP) in growth medium, denoted as negative control, while positive control referred to cells seeded on
TCP in osteogenic medium.

2.6.3.1 ALP activity
BMSCs at the density of 2×104/mL were transferred to well-prepared 3D printed porous Ti �lled with
CSMA-based hydrogels and cultured in growth medium to reach 60–70% con�uence. Then, the medium
was changed to mineralizing medium. ALP activities of BMSCs were measured by using ALP assay kit
(Beyotime, Shanghai, China) based on the color reaction of colorless p-nitrophenyl phosphate (pNPP)
converted to yellow p-nitrophenol after incubation at 37°C [24]. At day 5, 7 and 14, cells on each sample
were washed by PBS solution twice, and lysed by using RIPA lysis buffer solution (Sigma Aldrich,
Darmstadt, Germany). After centrifugation at 5000 rpm for 10 min, the supernatant was transferred into
96-well plate. The substrates and p-nitrophenol were added in sequence and incubated at 37°C for 30
min. Finally, the reaction was stopped by the addition of 100 µL stop buffer and the absorbance at 405
nm was measured. ALP activity was calculated from a standard curve after normalizing to the total
protein content, which was measured using the BCA Protein Assay Kit (Sigma Aldrich, Darmstadt,
Germany). ALP activity was expressed as nmol of p-nitrophenol formation/min/mg of total proteins.

2.6.3.2 Osteogenesis-related gene expression of BMSCs
Osteocalcin (OCN) and osteopontin (OPN) are representative osteogenesis-related gene markers.
Quantitative real-time reverse transcription polymerase chain reaction (RT-PCR) was performed to
evaluate the OPN and OCN expression levels of BMSCs in 3D printed porous Ti �lled with CSMA-based
hydrogels at day 5, 7 and 14. At each time point, the total RNA from each sample was �rst extracted
using TRIzol solution (Sigma Aldrich, Darmstadt, Germany), and the concentration was determined with
the spectrophotometer (UV-1800PC, Shanghai Meipuda instrument Co., Ltd, Shanghai, China). The primer
sequences used for PCR ampli�cation are listed in Table 1. The gene expression levels were calculated
using the 2 − ΔΔCT method.
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Table 1
Primers for RT-PCR

Genes Forward primer Reverse primer

OCN CTCACTCTGCTGGCCCTGAC CACCTTACTGCCCTCCTGCTTG

OPN CAAGGTCATCCCAGTTGCCCAG GCTTTGGAACTCGCCTGACTGTC

GAPDH GAAGGTCGGTGTGAACGGATTTG CATGTAGACCATGTAGTTGAGGTCA

2.6.3.3 Alizarin red staining
Furthermore, Alizarin red staining kit (Cyagen Biosciences, Guangzhou, China) was used to evaluate
extracellular deposition and mineralization of BMSCs in the presence of 3D printed porous Ti �lled with
CSMA-based hydrogels. Brie�y, at day 28, cells were �xed using 10% neutral formalin. After washing three
times with distilled water, the Alizarin red staining solution was added and incubated at room temperature
for 30 min. The excess dye was removed, samples were imaged using an inverted microscope equipped
with a digital camera (Nikon, Tokyo, Japan).

2.4. Statistical analysis
All quantitative data were obtained from two or more independent experiments with triplicate or quadrant
repeats and expressed as the mean ± standard deviation. A one-way ANOVA followed by Tukey's test or
Student-Newman-Keuls test was used to the statistical analysis among different groups.

3. Results And Discussion

3.1 Structural characterization
Bullet-shaped cages with open window were prepared in order to have clear observation on pore
structures �lled with CSMA-based hydrogels (Fig. 1). Pores were obviously �lled with solidi�ed CSMA
hydrogels, while the transparent hydrogels became turbid with incorporation of inorganic particles in
CSMA/CaCO3. From SEM images (Fig. 2A), all CSMA displayed similar microporous morphologies and
good connectivity between the pores. The pore sizes of CSMA hydrogels with 1%, 2% and 3% w/v were
283 ± 13.98, 254 ± 27.03 and 153.70 ± 13.25 µm, respectively. 1% and 3% CSMA hydrogels were selected
for porous Ti modi�cation in further research. As shown in Fig. 2B, the morphology of CSMA/CaCl2 was
�at, while CSMA/CaCO3 reappeared porous structure with particles deposition. Minerals were aggregated
and randomly distributed into CSMA. We speculated the CaCl2 had favorable water-absorption ability, the
abundant water collapsed the formed porous structure of CSMA, resulting in �at surface. In the process
of mineralization by CO2 diffusion, organic particles supported the whole structure and enhanced
hydrogel stability, resulting in the morphological differences between CSMA/CaCl2 and CSMA/CaCO3.

XRD pattern of CSMA-based hydrogels was shown in Fig. 2C. A blunt and broad peak located at 20.3°
corresponding to low crystalline phase of hydrogen bonds in CSMA hydrogels, resulting from N-acylation.
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No obvious variations were observed for CSMA/CaCl2, indicating the introduction of CaCl2 had no
in�uence on CSMA chemical structure. In term of CSMA/CaCO3, the characteristic peaks occurred at
23.5° and 29.7°, which matched the standard CaCO3 JCPDS card. Two minor peaks at 32.5° and 58.6°

represented the charactertiscs of NH4Cl. To be speci�c, NH4+ was generated by the decomposition of

(NH4)2CO3 gas, and combined with Cl− ions, which was in accordance with the process of mineralization
by diffusion of CO2 [20].

In AIR-FTIR spectrum (Fig. 2D), CSMA exhibited representative peaks at 1655 cm− 1, 1547 cm− 1 and 1314
cm− 1, corresponding to amide I band (C = O stretching vibration), the amide II band (NH deformation
vibration and CN Stretching vibration) and amide III, respectively. No obvious bands were found in the
range of 1730–1740 cm− 1 (ester group), indicating the acylation reaction was proceeded between
chitosan amino group and methacrylic anhydride, rather than hydroxyl group of chitosan and methacrylic
anhydride. The peak at 1669 cm− 1 represented the formation of CaCl2 in CSMA/CaCl2 samples. In

CSMA/CaCO3 hydrogels, Ca2+ existed in the form of calcite. The characteristic peak at 1407 cm− 1 (CO

antisymmetric stretching vibration), 831 cm− 1 (CO3
2− surface External deformation vibration) and 719

cm− 1 (O-C-O in-plane deformation vibration) further demonstrated CaCO3 was synthesized by the

reaction of CO2 and Ca2+.

Thermal behaviors of CSMA-based hydrogels were shown in Fig. 2E. The weight loss of samples was
mostly attributed to water evaporation under 100°C. CSMA/CaCl2 approximately lost 60% weight due to
its high hydrophilicity, while nearly 10% weight lost were observed in CSMA and CSMA/CaCO3 from 30–
100°C. In second phase (100°C-460°C), CSMA and CSMA/CaCO3 samples �rstly kept the same rates of
weight loss. Nerveless, CSMA exhibited a higher weight loss velocity as temperature increasing that
possibly resulted from the accelerated degradation of organic components, and left 30% residual weight.
In term of CSMA/CaCO3, the inorganic particles could stabilize the entire structure under persistently
increasing temperature, which 48% weight were remained in CSMA/CaCO3. The collapsion and
degradation of CaCO3 particles resulted in the ultimate weight loss (20%) at 700°C.

The release kinetics of Ca2+ ions were shown in Fig. 3. Generally, all samples had rapid Ca2+ release
pro�le in the �rst 24 h, and followed by gentle release until 14 days. CSMA/CaCl2 had higher release rate

and larger accumulated amount of Ca2+ ions than those of CSMA/CaCO3, no matter in 1% or 3% CSMA.

We speculated the differences were attributed to the existing form of calcium. Free Ca2+ ions were easily
diffused from the CSMA/CaCl2. Whereas, the releasing of Ca2+ ions from CSMA/CaCO3 depended on the
degradation of sparingly soluble CaCO3. Besides, 1% CSMA/CaCO3 had higher release velocities when
compared with 3% samples. From SEM observation, 1% CSMA/CaCO3 exhibited larger pore sizes than
those of 3% CSMA/CaCO3. However, no signi�cant differences were found between 1% and 3%
CSMA/CaCl2, probably due to the similar surface morphologies.
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3.2 In vitro biocompatibility of porous Ti �lled with CSMA-
based hydrogels
The in-direct cytotoxicity of 3D printed porous Ti �lled with CSMA-based hydrogels was shown in Figure
S1. Generally, Cell viabilities increased in higher CSMA concentration. In 24 h, cell viabilities in 1% CSMA
and 1% CSMA/CaCO3 samples were signi�cantly lower than that of 1% CSMA/CaCl2 (P < 0.05), while no
differences were found among three 3% CSMA-based hydrogels. Similar trends of cell viabilities were
observed in 48 h, 3% CSMA/CaCO3 displayed the highest cell viability (P < 0.05). Meanwhile, the results of
cell viabilities in the live/dead staining were in accordance with CCK-8 results above (Fig. S2), indicating
all CSMA-based hydrogels presented favorable biocompatibility.

The initial cell adhesion and proliferation at material-tissue interface play a crucial role in the early stage
of bone formation. As shown in Fig. 4A, cells were randomly distributed in all samples. Among them,
more BMSCs with bright blue nuclei and red cytoskeleton were observed within 3% CSMA/CaCO3. Lee et
al. demonstrated that porous structure with rough surface morphologies easily activated the formation of
focal adhesions and ordered distribution of stress �bers, which were bene�cial for osteoblasts initiative
adhesion and colonization [25]. Additionally, the released Ca2+ could facilitated extracellular matrix
secretion, as well as providing adsorption sites for adhesion protein (i.e. collagen, �bronectin) [26]. Thus,
3D printed porous Ti with CSMA/CaCO3 displayed favorable cell a�nity.

BMSCs proliferation within porous Ti �lled with CSMA-based hydrogels were shown in Fig. 4B. In general,
all samples displayed more cell proliferation with time increasing. 3% CSMA-based hydrogels had higher
cell proliferation than those of 1% CSMA-based hydrogels. No signi�cant differences were found between
CSMA and CSMA/CaCl2 at each time point, no matter in 1% or 3% w/v concentration. At day 3, cell
proliferation in CSMA/CaCO3 were signi�cantly higher than those in the rest of samples (P < 0.05), and

kept persistently increasing until the 14th day. It was suggested that Ca2+ released from CSMA/CaCO3

could promote cell proliferation [27]. 3% w/v CSMA/CaCO3 exhibited the highest proliferation rate among

all samples, due to the continuous release of Ca2+. However, CSMA/CaCl2 performed a burst release of

Ca2+ in �rst few days, along with medium change every 3 days, the residual Ca2+ in CSMA/CaCl2
insu�ciently activated more cells, resulting in the similar proliferation rates with CSMA.

3.3 BMSCs osteogenesis within porous Ti �lled with
mineralized CSMA
During implantation surgery, progenitors and in�ammatory cells migrate and initiate healing process [28].
Bone formation relies on the recruitment of MSCs, which could differentiate osteoblasts. Osteogenic
differentiation of BMSCs is necessary for bone matrix synthesis and mineralization, which plays an
important role in osteointegration between Ti and surrounding tissues. ALP activity is regarded as a
marker of early-stage of osteogenic expression [29]. OPN and OCN are not only non-collagenous proteins
present in bone matrix, but also known as important secretory proteins that regulated downstream
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osteogenesis-related gene expression [30, 31]. The extracellular deposition and mineralization is
determined by calcium nudes, known as late-stage marker of BMSCs osteogenesis [32]. To our
knowledge, osteogenic medium is considered as gold standard for cell osteogenic-induced
differentiation. Dexamethasone (Dex), one of steroid hormones, has been applied along with ascorbic
acid and β-glycerophosphate as important ingredients in osteogenic medium that could induce
osteogenic differentiation of MSCs in vitro [33]. Thus, porous Ti �lled with mineralized CSMA were
cultured in mineralizing medium, while positive control cultured in osteogenic medium. The osteogenesis
of all samples was further investigated by evaluating ALP activities, OCN and OPN expression levels, and
calcium nudes.

As shown in Fig. 5A, ALP activity in positive control kept increasing and reached its maximum at day 7,
and followed by decreasing at day 14, which were in accordance to previous research [34]. Due to lack of
Dex in mineralizing medium, Ti and negative control exhibited signi�cantly lower ALP activities at each
time point when compared with positive control (P < 0.05). In term of CSMA/CaCO3, ALP activities on
CSMA/CaCO3 (1% and 3%) reached the highest levels at day 5, which were signi�cantly higher than
positive control (P < 0.05). More importantly, the rapid increase of ALP activity in 3% CSMA/CaCO3 at day
5 even slightly higher than that in positive control at day 7, indicating 3% CSMA/CaCO3 could effectively
stimulate and improve osteogenesis of BMSCs by signi�cantly up-regulated ALP activity in advance.

Next, the osteogenic genes related to CSMA/CaCO3-induced BMSCs were primarily investigated by RT-
PCR. As shown in Fig. 6A, CSMA/CaCO3 exhibited the highest OPN levels at day 5 (P < 0.05). Meanwhile,
OPN levels on 3% CSMA/CaCO3 were up-regulated the most until day 7, which were 1.5-fold higher than
that in positive control. Although OPN levels on CSMA/CaCO3 slightly decreased at day 14, no differences
were found between CSMA/CaCO3 and positive control (P < 0.05). In term of OCN level (Fig. 5B), positive
control exhibited highest OCN level (P < 0.05) at day 5, and kept increasing until day 7. However, OCN
levels on CSMA/CaCO3 kept persistently increasing, and reached the maximum at day 14. In particular,
3% CSMA/CaCO3 presented almost 2-fold higher OCN levels when compared with positive control (P < 
0.05). Furthermore, alizarin red staining is determined for calcium mineralization. As shown Fig. 5B, it
was noted that cell-free samples displayed red colour due to the presence of Ca2+ in CSMA/CaCO3. Red
nodules could be obviously observed in CSMA/CaCO3 when compared with Ti samples at day 28,
indicating mineralized CSMA promoted osteogenesis of BMSCs. Therefore, it was demonstrated that
both 1% and 3% CSMA/CaCO3 could induced osteogenic differentiation of BMSCs by up-regulating OPN
and OCN expression levels, and enhancing extracellular deposition and mineralization.

In summary, porous Ti �lled with mineralized CSMA exhibited favorable biocompatibility, and effectively
enhanced osteogenesis of BMSCs in vitro. The obvious osteogenesis effect of CSMA/CaCO3 was

determined by CaCO3 particles in mineralized CSMA, rather than free Ca2+. In the process of CaCO3

degradation, the continuous release of Ca2+ regulate the osteocyte differentiation by activating ERK1/2
and PI3K/Akt pathways [35, 36]. Besides, Ca2+ could occupy the majority of the acidic residues within
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OPN, which were highly involved in hydroxyapatite crystal and deposition [37]. Therefore, mineralized
CSMA was considered as an excellent osteoinductive carrier that could incorporate into entire pore
structures of Ti. Additionally, fast gelation in situ is another advantage of UV-responsive chitosan,
indicating CMSA could load proteins/drugs in situ, and release them in a controllable manner. Thus,
rhodamine was selected as model drug which was incorporated into CSMA-based hydrogels. From Figure
S3, release velocity increased in lower CSMA concentration. 3% CSMA/CaCO3 presented a burst release in
�rst few hours, and kept slowly releasing for a week.

4. Conclusions
In present study, mineralized UV-responsive chitosan was �lled into 3D printed porous Ti by CO2

diffusion. CSMA/CaCO3 promoted BMSCs adhesion and proliferation, which displayed the favorable
biocompatibility. Moreover, 3% CSMA/CaCO3 could increase ALP activities in advance, up-regulate OPN
and OCN levels by 1.5-fold and 2-fold respectively, as well as enhancing extracellular matrix
mineralization, indicating 3D printed porous Ti implants �lled with mineralized CSMA could effectively
promoted osteogenesis of BMSCs, which was considered as an effective and novel modi�cation strategy
for bone regeneration.
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Scheme 1 is available in the Supplemental Files section
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Figures

Figure 1

The general observation of porous implants. (A) General observation of Ti discs and bullet-shaped cage;
(B) Pore structures of bullet-shaped cages �lled with CSMA and CSMA/CaCO3 hydrogels
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Figure 2

Characterization of CSMA-based hydrogels. (A) SEM imsages of CMSA hydrogels with different chitosan
concentration. (B) SEM imsages of 3% CSMA/CaCl2 and 3%CSMA/CaCO3 hydrogels. (C) AIR-FTIR
spectra of 3% CSMA-based hydrogels. (D) XRD patterns of 3% CSMA-based hydrogels. (E) TGA of 3%
CSMA-based hydrogels.
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Figure 3

The release prolife of Ca2+ from CSMA-based hydrogels after immersion at different time points.
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Figure 4

BMSCs proliferation on CSMA-based hydrogels in growth medium for 14 days. (A) Confocal microscope
images of cellular morphologies on CSMA-based hydrogels for 24 h. Cell membrane and nuclei were
stained with DiI (red) and DAPI (blue), respectively. (Scale bar=50 μm). (B) Quantitative analysis of
BMSCs proliferation by CCK-8. Values are represented as mean ± standard deviation (n = 3). (▲P < 0.05,
as compared with the 1% CSMA, P < 0.05, as compared with the 1% CSMA/CaCl2, ●P < 0.05, as
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compared with the 1% CSMA/CaCO3, P < 0.05, as compared with the 3% CSMA, ■P < 0.05, as compared
with the 3% CSMA/CaCl2).

Figure 5
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In vitro osteogenesis of BMSCs co-cultured on the Ti, 1% CSMA/CaCO3 and 3% CSMA/CaCO3 samples.
(A) ALP activity of BMSCs in CSMA-based hydrogels at different time points. Values are represented as
mean ± standard deviation (n = 3). (B) Alizarin Red staining images of BMSCs for 28 days. (*P < 0.05, as
compared with the Negative control; ♠P < 0.05, as compared with the Ti; ●P < 0.05, as compared with the
1% CSMA/CaCO3; ▼P < 0.05 , as compared with the 3% CSMA/CaCO3).

Figure 6

Osteogenesis-related gene expression levels of BMSCs co-cultured on the Ti, 1% CSMA/CaCO3 and 3%
CSMA/CaCO3 samples by RT-PCR. The investigation of OCN (A) and OPN (B) levels at different time
points. Values are represented as mean ± standard deviation (n = 3). (*P < 0.05, as compared with the
Negative control; ♠P < 0.05, as compared with the Ti; ●P < 0.05, as compared with the 1%
CSMA/CaCO3).
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