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Introduction: Bone tissue engineering (BTE) is a new strategy for bone defect repair, but 
the difficulties in the fabrication of scaffolds with personalized structures still limited their 
clinical applications. The rapid development in three-dimensional (3D) printing endows it 
capable of controlling the porous structures of scaffolds with high structural complexity and 
provides flexibility to meet specific needs of bone repair.
Methods: In this study, sodium alginate (SA)/gelatin (Gel) hydrogel scaffolds doped with 
different contents of nano-attapulgite were fabricated via 3D printing. The surface micro
structure, hydrophilicity and mechanical properties were fully evaluated. Furthermore, mouse 
bone marrow-derived mesenchymal stem cells (BMSCs) were cultured with the composite 
hydrogels in vitro, and proliferation and osteoblastic differentiation were assessed. A rabbit 
tibia plateau defect model was used to evaluate the osteogenic potential of the composite 
hydrogel in vivo.
Results: When increasing nano-ATP content, the Gel/SA/nano-ATP composite hydrogels 
showed better mechanical property and printability. Moreover, Gel/SA/nano-ATP composite 
hydrogels showed excellent bioactivity, and a significant mineralization effect was observed 
on the surface after being incubated in simulated body fluid (SBF) for 14 days. The Gel/SA/ 
nano-ATP composite hydrogel also showed good biocompatibility and promoted the osteo
genesis of BMSCs. Finally, histological analysis demonstrates that the Gel/SA/nano-ATP 
composite hydrogels could effectively enhance bone regeneration in vivo.
Conclusion: These properties render the Gel/SA/nano-ATP composite hydrogel scaffolds an 
ideal bone tissue engineering material for the repair of bone defects.
Keywords: 3D printing, attapulgite, composite hydrogel, osteogenesis, bone repair

Introduction
As some of the most common clinical conditions, bone defects are usually caused 
by severe fractures, osteoporosis, tumors, or infections, and the treatment of bone 
defects is still a great clinical challenge.1–3 Standard treatment strategies for bone 
defects employ autologous bone grafting, which has limited availability and may 
cause additional complications.4,5 Allografts, as another potential clinical option, 
are rarely used because of the potential risks such as disease transmission and 
immune rejection.6,7

Bone tissue engineering (BTE) materials for bone defect repair have gradually 
shown some satisfactory progress in the recent decades.8–12 The ideal bone repair 
materials should have good osteoinductivity or conductivity, better biocompatibility, 
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sufficient mechanical strength, and appropriate degradation 
behavior.13,14 Three Dimensional (3D) printing is a rapidly 
developing technology that can be used for fabricating bio- 
scaffolds.15,16 Bio-ink is dispensed onto a platform layer-by- 
layer to build a complex tissue construct with a 3D porous 
structure, controlled by a computer-aided design (CAD) 
model. Scaffolds prepared using 3D printing have many 
advantages, including controllable pore size and degradation 
rate, high structural complexity, and design flexibility. Thus, 
it has drawn wide attention in bone tissue engineering.17

Hydrogels are ideal materials for tissue engineering due to 
their good physicochemical properties, high water content 
(usually more than 90%), capability of drug loading,18 excel
lent biocompatibility, and acceptable biodegradability.19–24 

Their 3D hydrophilic cross-linked polymer networks could 
simulate the microstructure of the native extracellular matrix 
(ECM), providing a living microenvironment for cell growth. 
Numerous studies have shown that the hydrophilic properties 
of hydrogels may also affect the adhesion, proliferation, and 
differentiation of cells.25–29 Hydrogels crosslinked using nat
ural polymers such as gelatin, hyaluronic acid, and fibroin have 
shown excellent biocompatibility; thus, the corporations have 
been widely used as scaffolds for growth factor transport and 
cell adhesion in BTE.30 In addition, some studies also showed 
that the peptide hydrogels are eminently suited as molecular 
scaffolds for bone and cartilage reconstruction.31 Sodium algi
nate (SA) has been extensively employed for bioprinting appli
cations, and multivalent cationic transfer could induce its 
gelation. Moreover, it could also stably form cytocompatible 
hydrogels under physiological conditions due to its biocompat
ibility, biodegradability, and directional cell growth.32 

However, alginate cannot provide mammalian cell-adhesive 
ligands, which limits cell adhesion. Numerous research results 
showed that gelatin (Gel) could improve cellular behavior.33 

Gelatin is a biopolymer naturally derived from collagen with 
relatively low biotoxicity and acceptable degradation rate.34,35 

According to recent reports, gels fabricated based on the com
bination of two or more different polymers via cross-linkers 
can tackle disadvantages and integrate advantages.36–39 

Therefore, we tried to add gels to alginate to fabricate compo
site hydrogel scaffolds. Gelatin can be cross-linked with 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 
N-hydroxysuccinimide (NHS) solutions to achieve the double 
network cross-linking. However, the mechanical properties of 
the double network Gel/SA composite hydrogels are still weak 
and cannot meet the requirements of bone repair in BTE. 
Therefore, the development of high-strength hydrogels has 
been an emerging topic in the BTE field.

Attapulgite (ATP, (Al2Mg2)Si8O20(OH)2(OH2)4·4H2O) 
is a nanoscale hydrated layer-chain magnesium silicate 
mineral with rod-like crystalline morphology (Figure 1A), 
which possesses unique physicochemical properties, includ
ing high viscosity, large specific surface area, strong absorp
tion ability, and abundant reserves in nature.40 In addition, 
nano-ATP has a special nanoscale structure in which nano- 
rods can form a high-viscosity network structure resulting 
from the interactions among rods, which may promote osteo
genesis when being doped in composite scaffolds according 
to the previous reports.28,41 Nano-ATP can also form a stable 
blend when combined with other polymer chains. These 
features render nano-ATP an appropriate material for osteo
blast ingrowth.42,43 Nano-ATP rises up as a promising natural 
material in the chemical industry, plastics, and other indus
tries in recent years.44–46 Novel applications of nano-ATP are 
still emerging, but their biomedical applications are rare to 
the best of our knowledge. Nano-ATP is non-toxic although 
it contains magnesium and aluminum in the form of Al2O3 

(9.88% Al total). This amount is lower than that in kaolinite 
(39.5%) and montmorillonite (16.54%) which have been 
widely used in medicine.40 Nano-ATP was proved non- 
toxic in the early 1990s,46,47 and several nano-ATP compo
site materials have been fabricated in our previous study, and 
in vitro and in vivo studies have confirmed the biocompat
ibility and the capability to promote osteogenesis.48,49

Here, Gel/SA/nano-ATP composite hydrogels contain
ing different nano-ATP contents were fabricated via 3D 
printing. The biomechanical and physicochemical proper
ties were characterized, and the printing parameters were 
optimized. Mouse bone marrow-derived mesenchymal 
stem cells (BMSCs) were cultured with the composite 
hydrogels, and proliferation and differentiation were 
assessed by in vitro assays. Finally, a rabbit tibia plateau 
defect model was used to evaluate the osteogenesis poten
tial of the composite hydrogels. This article provides new 
ideas and preliminary results for designing and creating 
bone tissue repair scaffolds. It is also expected to provide 
new insights for the further development of nano-ATP 
composite hydrogels in the treatment of bone defects.

Materials and Methods
Preparation of the Blend Hydrogel Inks
Different ratios of blends were examined to prepare 
a composite hydrogel formulation for 3D printing. First, 
10 g gelatin (Gel, ~250 g Bloom, Aladdin Chemical Inc., 
Shanghai, China) was dissolved in 100 mL distilled water to 
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obtain a uniform solution (10 w/v%) by stirring at a speed of 
600 rpm for 2 h at 50°C. Sodium alginate (SA, 2 w/v%, 
Aladdin Chemical Inc., Shanghai, China) was then uniformly 
mixed into the gelatin solution. Different ratios of attapulgite 
powder (nano-ATP, 150–500 nm, Lanzhou Institute of 
Chemical Physics, Chinese Academy of Sciences, China) 

were then dispersed into the blend (0% (control), 5, 10, and 

15 w/v%) solution to form the hydrogel inks.

Rheological Analysis of Composite 
Hydrogel Inks
Rheological characterization of the composite hydrogel 
inks was performed using an ARG2 rheometer (TA 
Instrument, USA). Briefly, the reaction solutions of the 
composite hydrogel blends were mixed in a syringe and 
quickly added on the plate of a rheometer. Small-ampli
tude oscillatory shear tests were performed by applying 
5% strain amplitude with shear rates ranging from 0 to 
100 (s−1) at 37°C. The storage (G’) and loss modulus 
(G”) were recorded under temperature ramps. The tem
perature ramps were applied ranging from 15°C to 45°C 
with a constant rate of 1°C/min, the oscillation fre
quency and a constant shear amplitude were applied 1 
Hz and 50 Pa, respectively.

3D Printing of Gel/SA/Nano-ATP 
Composite Hydrogel Scaffolds
The synthesis of the Gel/SA/nano-ATP composite hydro
gel is shown in Scheme 1.

Specifically, the composite hydrogel bio-ink was 
loaded in a syringe linked to a 23G needle with 
a 0.33 mm inner diameter and installed in a screw- 
assisted extrusion-based 3D bioprinter (regenHU, 
Villaz-St-Pierre, Switzerland). The syringe was heated 
at 37°C throughout the process due to the thermal gela
tion properties of Gel and the bio-ink was extruded when 
activating printing program. The composite hydrogel 
scaffold model was designed using CAD software 
(BioCAD, Villaz-St-Pierre, Switzerland). The scaffold 
has a 45°/135° lay-down pattern, 300-μm pore size and 
fiber diameter, and 4 layers of 2.88 mm height. The 
printing parameters included a extrusion pressure of 
0.32 MPa and a speed of 3 mm/s.

After printing, cross-linking of the composite hydro
gel was achieved by being soaked in ionic solution for 
4 h (CaCl2, 10 w/v%, Aladdin). The resulting hydrogels 
were then immersed in EDC and NHS (50 mM EDC 
and 25 mM NHS in 95% ethanol) solutions for cross
linking. Finally, the composite hydrogels were washed 
with deionized water to remove the residual EDC 
and NHS.

Figure 1 Morphology and rheological characterization of Gel/SA/nano-ATP composite hydrogel scaffolds with different nano-ATP contents. (A) Photograph and TEM image 
of nano-ATP powders with a rod-like crystalline morphology. (B) Representative digital photographs showing the printed structure with different grid spacing, shapes, and 
layers constructed from the composite hydrogel. (C) SEM images of composite hydrogel with different ratios of nano-ATP relative to the non-crosslinking composite 
hydrogel. (D) Rheological behavior of the composite hydrogel inks (viscosity and shear stress are plotted for shear rates of 0 to 100 S−1); (E) storage modulus (G’) and loss 
modulus (G”) tested during cooling from 45 to 15°C. 
Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite; TEM, transmission electron microscopy; SEM, scanning electron microscopy.

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S339500                                                                                                                                                                                                                       

DovePress                                                                                                                       
8419

Dovepress                                                                                                                                                               Liu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Characterization of Composite Hydrogel 
Scaffolds
All hydrogel samples were freeze-dried using 
a lyophilizer (Christ Alpha 1–2LD plus, Germany) and 
ground into a powder before characterization. The IR 
spectra of the Gel/SA/nano-ATP composite hydrogels 
were carried out by FTIR (Thermo Scientific Nicolet 
iS50, USA) at room temperature. Phase analysis of the 
composite hydrogel was performed by XRD (D/max- 
2500, Rigaku, Japan) with 2θ values of 5–50° in a step- 
scan mode of 5° per minute.

Thermogravimetry of the composite hydrogel was tested 
using a TGA analyzer instrument (TG 209 F3, Tarsus, 
Netzsch, Germany) with 10±0.1 mg samples weighed into 
a platinum pan for thermal analysis and heated at 10°C/min.

Evaluation of the surface wettability of the composite 
hydrogel was conducted by a contact angle test instrument 
(FM4000, Krüss, Germany) at specific time intervals. The 
contact angle was recorded as the average of three 
measurements.

A Laser Zeta meter machine (Malvern Instruments, 
Zetasizer Nano ZSE) was utilized to determine the value 

of the zeta potential of the samples in water solution 
(pH = 7.4).

Mechanical Testing of Composite 
Hydrogel Scaffolds
Samples used for the compression tests were measured 
using a uniaxial testing machine (Instron 5965, 
Pfungstadt, Germany). Composite hydrogels (n = 4) 
were soaked in PBS solution (pH = 7.4) for 1 day 
before the test comparing the freeze-dried hydrogels. 
The compression test was conducted until the samples 
were broken, and the stress–strain curves were obtained. 
Then the compressive strength was calculated according 
to the maximum stress before failure, and the linear 
range in the stress curve was used to calculate the 
compressive modulus.

Microscopic Morphology Analysis of 
Composite Hydrogel Scaffolds
The microstructure of the composite hydrogel was directly 
observed by a scanning electron microscopy instrument 

Scheme 1 Schematic illustration of the fabrication process of Gel/SA/nano-ATP composite hydrogel scaffold. 
Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite.

https://doi.org/10.2147/IJN.S339500                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 8420

Liu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


(SEM, JSM-6360LA, JEOL, Japan) on the surfaces and side 
sections. The sample surfaces were sputter-coated with an Au- 
Pd layer under an argon atmosphere before SEM observation.

In vitro Mineralization of Composite 
Hydrogel Scaffolds
SBF buffer simulates the content of different ionic species 
in human blood plasma as well as mineralization. The 
freeze-dried hydrogel samples were immersed in SBF 
(Yuanye Reagent Co., Ltd., Shanghai) and incubated for 
14 days. After then, the samples were freeze-dried, and 
collected for further analysis of surface mineralization.

Swelling of Composite Hydrogel Scaffolds
The composite hydrogels were dried in an oven for at least 
1 day and weighed (Wd). The composite hydrogels were 
then swollen in PBS buffer (1×, pH = 7.4, Multisciences, 
Hangzhou, China) at 25°C and weighed every two hours 
(Ws) until the mass did not change obviously, after which 
equilibrium swelling was obtained. Experiments were car
ried out at least five times. The swelling was calculated 
according to the following formula.50

Swelling %ð Þ ¼
Ws � Wd

Wd
� 100 (1) 

Here, Ws and Wd represent the weights of hydrogels 
under the swollen and dried state.

In vitro Degradation Studies of 
Composite Hydrogel Scaffolds
Degradation studies used gravimetric analysis. All freeze- 
dried weighed samples (W0) were swollen in PBS buffer 
at 37°C for 2, 4, 8, or 12 weeks. At the selected time, the 
samples were freeze-dried and weighed (Wt). Experiments 
were carried out at least five times. The weight loss was 
calculated using Eq. (2).51

Degradation %ð Þ ¼
W0 � Wt

W0
� 100 (2) 

Here, W0 and Wt represent the weights of the initial 
hydrogels and the weights at each time point.

In vitro Biocompatibility and 
Osteogenesis Evaluations of Composite 
Hydrogel Scaffolds
Mouse bone mesenchymal stem cells (BMSCs) were pur
chased from ATCC (ATCC, CRL-12424) and cultured in 
Dulbecco’s-modified Eagle’s medium (DMEM basic, 

Gibco, ThermoFisher Biochemical Products, Beijing, 
China), which combined with 5% v/v fetal bovine serum 
(FBS, Biological Industries, Israel) and 1% v/v penicillin/ 
streptomycin (Life Technologies Corporation, USA). 
BMSCs were cultured in an incubator with 5% CO2 at 37°C.

CCK-8 Proliferation Assay
The extract of the composite hydrogel was used to evalu
ate its compatibility co-cultured with cells by following 
the protocol of the Chinese National Standard (GB/T 
169886.2017.12). Briefly, the composite hydrogel samples 
were sterilized with 75% ethanol for 12 h under UV light 
and then rinsed with PBS). Then the samples were 
immersed in DMEM basic medium with an extraction 
ratio of 0.1 g/mL. The supernatant was withdrawn and 
filtered through a 0.22 μm membrane filter. Finally, 5% 
v/v FBS and 1% v/v P/S were added according to this 
proportion to produce a new cell culture medium.

Cell proliferation was measured via a CCK-8 assay 
using the extracts described above. BMSCs were seeded 
onto a 96-well culture plate at a density of 5.0×103 cells/ 
well. After seeding for 1, 3, and 7 days, the culture 
medium in each well was removed, then 10 μL of CCK- 
8 buffer (Dojindo Molecular Technologies, Inc.) and 100 
μL medium were added followed by incubation at 37°C 
for 2 h. The OD values were measured using an absor
bance microplate reader (Epoch, BioTek, USA) at 450 nm.

LIVE/DEAD Viability Staining
The cell viability was assessed using a live/dead staining 
kit (L-7011; Invitrogen, Eugene, OR, USA). After co- 
culture for 3, 7 and 14 days, the composite hydrogel was 
rinsed with PBS buffer and stained with 500 μL live/dead 
assay each well. Images were observed using 
a fluorescence microscope (Olympus IX71, inverted 
microscope, Nagano, Japan). The live and dead cells 
were stained green or red, respectively.

Cytoskeleton Actin Filament Staining
BMSCs cultured on the composite hydrogels were exam
ined with FITC-phalloidin assays (Yeasen, Shanghai, 
China) to observe the morphology and cytoskeleton struc
ture. BMSCs were co-cultured on the composite hydrogels 
for three days. The DMEM medium was then removed, 
washed with PBS buffer and fixed in 4% paraformalde
hyde for 10 min. Next, washed with PBS again and 
immersed in 0.5% triton X-100 for 5 min. The samples 
were next treated with 500 µL/well of FITC-phalloidin 
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(100 nM) for 30 min and with 200 µL/well DAPI (Dojindo 
Laboratories, Kumamoto, Japan) for 30 s. After staining, 
rinsed with PBS again and visualized with a fluorescence 
microscope (Olympus IX71, inverted microscope, Nagano, 
Japan) at 496 nm (Green, FITC) and 364 nm (blue, DAPI) 
wavelengths, respectively.

Alkaline Phosphatase (ALP) Activity
The composite hydrogels co-cultured with BMSCs for 3 to 
14 days. 1 mL of RIPA and 10 μL of PMSF (Solarbio Life 
Sciences, Beijing, China) were mixed, and 100 μL of the 
mixtures were added to each well for 15 min on ice to make 
them completely lysed. The samples were then centrifuged at 
a speed of 8000 rpm for 20 min at 4°C. The supernatant was 
then evaluated with an ALP assay kit (Beyotime, China). The 
ALP activity was determined using an absorbance microplate 
reader. Finally, the ALP levels were normalized against the 
cellular total protein contents using a bicinchoninic acid 
(BCA) protein assay kit (Beyotime, China).

ALP and Alizarin Red S Staining
ALP and Alizarin Red S (ARS, Beijing Solarbio Science & 
Technology Co., Ltd.) staining were used to study the miner
alization nodules in vitro. BMSCs were seeded in osteoin
ductive media (Cyagen, China) for 14 days. The samples 
were fixed with 4% paraformaldehyde for 30 min in the dark, 
then removed and washed with PBS water twice. Finally, 
ALP staining solution was added and for subsequent optical 
observation. Similarly, ARS solution was added and incu
bated for 5 min at room temperature. Images were obtained 
with an optical microscope. The stains were dissolved with 
5% perchloric acid for 30 min to quantify the amount of 
bound ARS, and absorbance was detected at 490 nm.

Quantitative Real-Time PCR
After co-culture with the composite hydrogels for 3 to 14 days, 
the total RNA of BMSCs was extracted using NucleoZOL 
(MACHEREY-NAGEL, Germany). Then the first-strand 

complementary DNA (cDNA) was synthesized from total 
RNA using a Hiscript II Q RT SuperMix reagent Kit 
(Vazyme, China) to obtain the reverse transcription mRNA. 
Finally, real-time PCR of total 10 μL samples in a 96-well PCR 
plate (Nest Biotechnology, Wuxi, China) was tested using an 
SYBR Green Master Mix kit (Vazyme, China). To normalize 
the results, the 2−ΔΔCt method (Livak’s method) was intro
duced to quantify the gene expression levels. All samples 
were analyzed in triplicate. Reverse transcription (RT)-PCR 
primers of osteogenic genes are shown in Table 1.

In vivo Osteogenesis Evaluation of 
Composite Hydrogel Scaffolds
A rabbit tibia plateau defect model was applied to study 
the osteogenic capacity of the composite hydrogel. Animal 
experiments and care procedures were approved by the 
Nanjing Medical University Ethics Committee and fol
lowed the Guide for the Care and Use of Laboratory 
Animals (eighth edition).

Composite Hydrogel Scaffolds 
Implantation
New Zealand white rabbits (weighing about 2500 g) were 
used to create a tibia plateau defect in this study. The 
rabbits were first anesthetized with 3% sodium pentobar
bital. Then the skin was sterilized and separated to expose 
the tibia plateau, and a defect was made with an (8 mm 
diameter and 4 mm depth) using an electric drill (Bosch, 
Germany). Immediately after the bone debris was 
removed, the tibia plateau defect was rinsed with saline 
solution; the Gel/SA/nano-ATP composite hydrogel scaf
folds were implanted into the defect regions, and the 
wound was sutured. Four types of composite hydrogel 
scaffolds were placed into different defect sites: control, 
5, 10, and 15 w/v% of nano-ATP. Surgeries without scaf
fold implantation were used as a control group. After 4 to 
12 weeks of implantation, all the rabbits were sacrificed, 

Table 1 Primer Sequences for Target Genes

Gene Forward Primer Reverse Primer

OCN 5-ACCATCTTTCTGCTCACTCTGCT 5-CCTTATTGCCCTCCTGCTTG
OPN 5-TACGACCATGAGATTGGCAGTGA 5-TATAGGATCTGGGTGCAGGCTGTAA

Runx-2 5-CTGCAAGCAGTATTTACAACAGAGG 5-GGCTCACGTCGCTCATCTT

Osterix 5-AGGCCTTTGCCAGTGCCTA 5-GCCAGATGGAAGCTGTGAAGA
GAPDH 5-CACCACCAACTGCTTAGC 5-TTCACCACCTTCTTGATGTC

Abbreviations: OCN, osteocalcin; OPN, osteopontin; OSX, osterix; Runx2, runt-related transcription factor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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and the tibia plateaus were harvested for further image 
evaluation and histological assays.

Histological Analysis
The rabbits were euthanized at 4, 8, and 12 weeks after 
implantation. The tibia plateau specimens were collected, 
fixed with 10% formalin solution for three days, and then 
decalcified in 10% EDTA solution (Aladdin Chemical Inc., 
Shanghai, China). This changed every three days for four 
weeks at 37°C. After decalcification, all the samples were 
embedded by paraffin, and sliced into 5-μm-thick sections for 
hematoxylin and eosin (H&E) staining. Masson trichrome 
staining was also used for routine histological assessments, 
and the slices were then observed with a microscope 
(Olympus, Japan).

Statistical Analysis
All data were presented as the means ± standard deviations 
(SDs) and analyzed by one-way ANOVA. P-values including 
p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were 
considered to be statistically significant. All quantifications 
used image software and high-resolution images. Statistical 
analysis was conducted using Origin 8.0 (Origin Lab Inc.) 
and GraphPad Prism 5 software (GraphPad Software Inc.).

Results
Morphology of Gel/SA/Nano-ATP 
Composite Hydrogel
The Gel/SA/nano-ATP composite hydrogel scaffolds were 
fabricated using a 3D bio-printer (Figure 1B). Representative 
digital photographs show the printed structure with different 
grid spacing, shapes, and constructed layers in the composite 
hydrogels. The surface microtopographies of the composite 
hydrogel scaffolds are shown in Figure 1C. The scaffolds had 
a regular grid structure. Particularly, the surface of the control 
group (no nano-ATP) was smoother than that of the other 
groups. The non-cross-linked groups had more surface pores 
than the normal cross-linking groups, which indicated that 
the porosity of the composite hydrogel decreased after ionic 
and chemical cross-linking, resulting in a significantly 
increased mechanical strength.

Rheological Properties of Composite 
Hydrogel Inks
The gel is a thermo-sensitive bio-ink, and we further studied 
the rheological behaviors at different temperatures to inves
tigate the effect of the nano-ATP content on their thermal 

properties. The results showed that the viscous component 
(loss modulus, G”) of the control group was higher than its 
elastic component (storage modulus, G’) at 26°C. 
Furthermore, G’ and G” increased during the cooling pro
cess, and showed a crossover point (Figure 1D). The cross
over temperature is defined as the sol-gel transition 
temperature, which indicates a transition from a solution 
state to a gel state as the temperature decreases.52

In contrast, the hydrogel inks containing nano-ATP 
showed different rheological behaviors. Upon addition of 
nano-ATP, G” was always higher than G’ even if the 
temperature changed; there was no crossover point. 
Although the shear thinning behavior changed, the 
mechanical properties and printability of the inks 
improved during the 3D bioprinting process.

Next, the rheological properties of Gel/SA/nano-ATP 
inks with different ratios of nano-ATP were also studied. 
The resulting rheological data are shown in Figure 1E. The 
results demonstrated that the viscosity of Gel/SA/nano-ATP 
inks decreased with increasing the shear rate indicating shear- 
thinning behavior. This behavior was no longer obvious as the 
nano-ATP content increased similar to other results.

Characterization of Composite Hydrogel 
Scaffolds
The FTIR spectra of the Gel/SA/nano-ATP composite hydro
gel are shown in Figure 2A. The characteristic bands at 
3432 cm–1 correspond to free –OH. The absorption peaks at 
2949 and 1624 cm−1 were assigned to C-H and C=O stretch
ing vibration. The FTIR spectra of the four samples showed 
no significant difference, which indicated that nano-ATP did 
not affect the cross-linking reaction of Gel/SA hydrogels. 
Significantly, a characteristic band of gel hydrogel with 
a peak at 1543 cm−1 (amide II) was absent in the spectrum 
suggested the involvement of this group in cross-linking 
reaction. Figure 2B shows XRD patterns of composite hydro
gels with different contents of nano-ATP. The characteristic 
reflections of nano-ATP at 2θ values of 8.5°, 19.6°, 27.8°, and 
34.3°, which related to (110), (040), (400) and (102) crystal
line planes, respectively, were found in the XRD pattern and 
consistent with previously reported studies.53,54

The results of thermal stability of the composite hydro
gels are shown in Figure 2C. As illustrated, the addition of 
nano-ATP to the composite hydrogels led to better thermal 
stability and less weight loss versus pure Gel/SA hydrogel 
at T < 1000°C. The weight loss decreased as the content of 
nano-ATP increased, and samples with 10 w/v% and 15 w/ 
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v% content of nano-ATP showed similar thermal stability 
with weight loss values of 34.2% and 33.5%, respectively.

The hydrophobicity and hydrophilicity based on the con
tact angle are essential indicators for materials. The hydrophi
licity improves as the water contact angle decreases. The 
contact angles of the control, 5, 10 and 15 w/v% nano-ATP 
groups were 51.9°±1.8°, 49.8°±1.1°, 59.5°±2.5°, and 73.2° 
±4.2°, respectively (Figure 2D). The 5 w/v% nano-ATP sam
ples showed the best hydrophilicity, which decreased with 
increasing nano-ATP content.

Table 2 shows the zeta potential of both the surface 
charges of the components of the composite hydrogels and 
hydrogels in experimental group. The results showed that 
all single components of the hydrogel and composite 
hydrogels measured are negatively charged, and the nega
tive charge decreased with the increase of nano-ATP.

Mechanical Properties of Composite 
Hydrogel Scaffolds
An ideal bone substitute requires a tissue engineering 
scaffold with desirable mechanical properties. The com
pressive strength and modulus of 3D bioprinting Gel/SA/ 
nano-ATP composite hydrogel with different contents of 

nano-ATP were tested in this study. Figure 2E shows the 
average compressive strengths of the composite hydrogels 
before (wet) and after being freeze-dried (dry). Gel with
out nano-ATP (control group) showed the lowest compres
sive strength of 15.7±1.7 MPa, which was lower than that 
obtained with 5 w/v% (22.7±2.2 MPa, **p<0.01), 10 w/v 
%, and 15 w/v% content of nano-ATP (25.5±0.1 MPa vs 
25.7±0.5 MPa, ***p<0.001) in a wet state. The samples 
also showed similar results in the dry state after being 
freeze-dried, this indicated that the compressive strength 
was increased with nano-ATP content. The dry compres
sive strength of 5 w/v% samples (25.9±1.3 MPa) were 

Figure 2 Physicochemical properties of Gel/SA/nano-ATP composite hydrogel scaffolds with different nano-ATP contents. (A) FTIR spectra with characteristic peaks of each 
compound. (B) XRD patterns of composite hydrogel with different nano-ATP contents with the red dotted line showing the characteristic peaks of nano-ATP. (“*” 
represents the characteristic peaks of ATP, which related to (110), (040), (400) and (102) crystalline planes respectively; “□” represents the characteristic peaks of residual 
CaCl2 after crosslinking with sodium alginate. (C) TGA curves of the composite hydrogel. Weight loss at 1000 °C was 82.5%, 53.2%, 34.1%, and 33.6%, respectively. (D) 
Photographs of surface contact angle and measurement results of the composite hydrogel. (E) Compressive strength and (F) modulus of Gel/SA/nano-ATP composite 
hydrogel before (wet) and after being freeze-dried (dry). (*p < 0.05, **p < 0.01, ***p < 0.01, n = 5). 
Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite; FTIR, Fourier transform infrared spectroscopy; XRD, X-ray diffraction; TGA, thermo- 
gravimetric analysis.

Table 2 Zeta Potential Analysis (All Data are Given as Mean±SD, 
n = 3)

Group Zeta Potential (mv)

SA −25.17±4.65

Gel −4.53±0.71

Nano-ATP −20.20±0.35
Control −29.23±1.06

5% Nano-ATP −37.97±0.38

10% Nano-ATP −31.37±0.76
15% Nano-ATP −26.93±1.42

Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite.
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similar to those of 10 w/v% and 15 w/v% (27.9±1.3 MPa 
vs 28.7±1.0 MPa), and all of these were much higher than 
the control group (21.5±1.2 MPa).

Figure 2F shows the results of the compressive mod
ulus in the dry state. The 15 w/v% samples had the highest 
modulus (0.566±0.023 GPa), which was higher than the 
control group (0.523±0.013 GPa, *p<0.05), 5 w/v% (0.451 
±0.035 GPa, **p<0.01), and 10 w/v% (0.342±0.013 GPa) 
contents of nano-ATP. After being freeze-dried, the mod
ulus decreased significantly due to changes in the proper
ties of the elastomer. The 15 w/v% sample showed the 
highest modulus, which reached about 0.040 GPa and was 
higher than the control group (0.015±0.002 GPa, 
***p<0.001), 5 w/v% (0.045±0.003 GPa), and 10 w/v% 
(0.047±0.011 GPa) groups.

In vitro Mineralization of Composite 
Hydrogel Scaffolds in SBF
For mineralization, the Gel/SA/nano-ATP composite 
hydrogel was soaked in 1.5× SBF buffer which was 
refreshed daily for up to 14 days. Limited mineralization 
was found on the surface of the control group (Figure 3A) 
while significant mineralization was found in the compo
site hydrogels. The mineral deposition was more pro
nounced when increasing the nano-ATP content.

Swelling of Composite Hydrogel Scaffolds
Figure 3B shows the influence of nano-ATP concentration 
on the swelling behavior of the composite hydrogel. 
A constant increased swelling ratio of the Gel/SA/nano- 
ATP composite hydrogel could be observed until 24 h. The 
composite hydrogel had a smaller swelling ratio than that 
of the control group due to the excellent absorption ability 
of nano-ATP. In addition, as the amount of nano-ATP 
increased, the swollen scaffolds enable better shape main
tenance and mechanical support.

In vitro Degradation Behavior of 
Composite Hydrogel Scaffolds
The degradation ability of the bone substitute is also an essen
tial factor in tissue engineering. The degradation behavior of 
Gel/SA/nano-ATP composite hydrogels was studied in SBF 
solution at 37°C. All samples were periodically dried and 
weighed to calculate their weight loss. Figure 3C shows the 
biodegradation results of Gel/SA/nano-ATP composite hydro
gels. The control group was degraded by about 40% after 12 
weeks, which is faster than the composite hydrogel with nano- 
ATP. The nano-ATP increased the strength of the hydrogel and 
made the 3D structure stiffer. Therefore, the Gel/SA/nano-ATP 
composite hydrogel solved many shortcomings of pure Gel/ 

Figure 3 In vitro bio-mineralization and degradation studies. (A) Scanning electron microscopy images of composite hydrogel with different nano-ATP contents obtained 
after 14 days of incubation in 1.5× SBF solution with daily replacement of the solution. (B) The swelling ratio of dry composite hydrogels after immersion in deionized water 
at 37°C for 24 h. The error bars represent the standard deviation. (C) In vitro degradation rate of Gel/SA/nano-ATP composite hydrogel with different nano-ATP contents. 
Error bars represent standard deviation. 
Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite; SBF, simulated body fluid.
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SA hydrogel; it takes longer time to degrade and provided 
continuous mechanical support for the defective bone.

Cell Viability of Composite Hydrogel 
Scaffolds
The cytotoxicity of the composite hydrogels was measured 
in vitro. BMSCs cultured in the extract liquor of pure gel 
and 5, 10, and 15% nano-ATP of hydrogels for 1, 3 and 7 
days were compared with that in complete cell culture 
medium (DMEM). Figure 4A shows the OD values of 
composite hydrogels with different contents of nano-ATP 
as well as a culture with DMEM medium as a control 
group. The results showed that cells in each group prolif
erated with longer culture times. The DMEM group shows 
the highest OD values (*p<0.05) on day 7. The hydrogels 
contained nano-ATP showed similar OD values versus 
pure hydrogel. There was no significant difference 
between them, implying good biocompatibility.

Live/dead staining tested cell viability and cytotoxicity 
of the 3D bio-printed composite hydrogel. Figure 4B 
shows that cells seeded on the surface of Gel/SA/nano- 
ATP composite hydrogels attached well after three days of 

incubation. After seven days of incubation, cells prolifer
ated and covered the entire scaffold surface, hydrogels 
containing nano-ATP showed better viability than the con
trol group. The 10% and 15% nano-ATP hydrogels 
showed higher viability than 5% nano-ATP and pure 
hydrogels and appeared to be the most appropriate formu
lation for cell culture material.

Cytoskeletal staining was used to study the adhesion and 
ingrowth of BMSCs after seeding. The cell nucleus was 
stained with Hoechst (blue), and F-actin was stained with 
Rhodamine phalloidin (green). After three days of adherence, 
BMSCs showed increasing numbers and significantly more 
outstretched filopodia-like extensions versus the control group 
(Figure 4C).

Osteogenic Differentiation of BMSCs on 
Composite Hydrogel Scaffolds
BMSCs in the DMEM, control, and composite hydrogel 
groups were cultured in their extract medium for 3 to 14 
days. ALP staining of the Gel/SA/nano-ATP composite 
hydrogel groups was deeper than in the control and 
DMEM groups after 14 days (Figure 5A), and the 10% 

Figure 4 The proliferation and viability of laden cells in vitro. (A) The proliferation of BMSCs cultured within four different composite hydrogel extracts after 1, 3, and 7 
days using the CCK-8 assay (*p < 0.05, **p < 0.01,***p < 0.001, n = 5). (B) Representative merged images of live/dead assays on a cell-laden 3D bio-printed composite 
hydrogels at indicated time intervals (3, 7, and 14 days). The living cells are stained green, and dead cells are stained red (scale bar = 500 μm). (C) Fluorescence images 
obtained after culturing BMSCs for 3 days on composite hydrogels; DAPI was used for the detection of cell nuclei. F-actin was stained green with FITC-phalloidin (Scale bar = 
200 μm). 
Abbreviations: nano-ATP, nano-attapulgite; BMSCs, mouse bone marrow-derived mesenchymal stem cells; CCK-8, cell counting kit-8.
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group showed the best performance of calcium deposi
tion. ARS staining also showed obvious bonelike nodules 
and calcium deposition in the composite hydrogel groups 
versus the control and DMEM groups after co-culture for 
14 days (Figure 5B). Figure 5C shows that the composite 
hydrogels had higher ALP activity than the control group 
(5% nano-ATP, *p<0.05; 10% nano-ATP, *p<0.05) in 14 
days. ARS analysis confirmed that the Gel/SA/nano-ATP 
composite hydrogel promoted osteogenic differentiation 
of BMSCs at 14 days versus the control group 
(Figure 5D), indicating that the Gel/SA/nano-ATP com
posite hydrogel improved the bioactivity of osteogenesis 
in the later stage.

Messenger RNA expression levels of OCN, OPN, OSX, 
and Runx2 were significantly increased for BMSCs cultured 
on the Gel/SA/nano-ATP composite hydrogel versus the 
control group. This increase was detected by quantitative 
real-time PCR assay (Figure 5E). Specifically, the OCN, 
OPN, OSX, and Runx2 expressions were all markedly up- 
regulated for cells cultured on the gels with an increase of co- 
culture days. Furthermore, the OCN expression in the case of 
15% nano-ATP was higher than the control group on the 7th 
and 14th days (*p<0.05). The OPN, OSX, and Runx2 makers 
all showed the highest expression values in the 5% nano-ATP 
groups than in the other groups on the 3rd, 7th, and 14th day. 
However, the Runx2 expression was slightly lower than that 

in the 15% nano-ATP group on the 7th day. In addition, the 
OCN, OSX, and Runx2 values in the case of 15% nano-ATP 
were similar to those with 5% nano-ATP after co-culture for 
14 days, but the difference was not significant.

In vivo Osteogenesis Evaluation of 
Composite Hydrogel Scaffolds
Figure 6A shows the tibia bone defects in rabbits 
implanted with hydrogels before and 4 to 12 weeks after 
surgery. The sham group (no material) was used as 
a defect control group. All of the groups were sacrificed, 
and tibia plateaus were isolated for observation, fixed with 
10% formalin, and decalcified with 10% EDTA solution 
for histological evaluation. As shown in Figure 6B and C, 
H&E, and Masson’s trichrome staining evaluated the 
newly formed tissues of bone defect sites treated with 
Gel/SA/nano-ATP composite hydrogels.

At the 4th week, the space between the defect and 
Gel/SA/nano-ATP composite hydrogels was filled with 
matrix, osteoblasts, and immunocytes. The osteoblasts 
and bone matrix collagen, which stained red and grew 
into the 15% nano-ATP hydrogels could be obviously 
observed in Figure 6B. In contrast, the defects were 
mostly filled with immunocytes and fibroblasts in the 
Gel/SA hydrogel and defect control groups. After 8 
weeks, new bone formation was found in the Gel/SA/ 

Figure 5 In vitro Gel/SA/nano-ATP composite hydrogel scaffolds promoted osteogenic differentiation. (A) Images of ALP staining and (B) quantification of Alizarin Red 
S staining after 14 days of incubation (scale bar = 200 μm). (C) Quantified ALP activity as the ratio between the absorbance at 405 nm and 562 nm. (D) Quantification of the 
amount of Alizarin Red S that stained the mineralized matrix. The solution absorbance was detected at 490 nm (***p < 0.001, n = 3). (E) Real-time PCR analysis: OCN, OPN, 
OSX, and Runx2 expressions by BMSCs in the Gel/SA/ATP composite hydrogels after incubation for 3, 7 and 14 days. (*p < 0.05, **p < 0.01, ***p < 0.001, n = 3). 
Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite; ALP, alkaline phosphatase. PCR, polymerase chain reaction; OCN, osteocalcin; OPN, 
osteopontin; OSX, osterix; Runx2, runt-related transcription factor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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nano-ATP composite hydrogel. On the contrary, only 
new bone matrix and osteoblasts were seen in the con
trol group with extensive fibrous tissue in the defect 
control group. More new bone tissue was observed in 
the space between the defect and materials at 12 weeks 
after implantation.

Masson’s trichrome staining demonstrated new bone 
formed in the composite hydrogel (Figure 6C). The 
results showed that the fibrous tissue (blue) filled the 
defect areas, and there was no observable bone forma
tion in any group on the 4th week. After 8 weeks, 
osteoblasts and mature bone tissues were clearly seen 
in the Gel/SA/nano-ATP composite hydrogel. In con
trast, only a little new bone grew in the control group, 
a large amount of fibrous tissue filled in the defect 
control group. Twelve weeks later, a small amount of 
new bone grew in the defect control group.

Meanwhile, abundant new bone formation was 
observed in the Gel/SA/nano-ATP composite hydrogel 
groups. The scaffold degraded along with the growth of 
new bone. Quantitative data confirmed that higher nano- 

ATP concentrations led to more new bone tissue 
(Figure 6D).

Discussion
In this study, we successfully fabricated Gel/SA/nano- 
ATP composite hydrogels loaded with different contents 
of nano-ATP using 3D printing technology for bone 
tissue engineering. The nano-ATP is a hydrated layer- 
chain magnesium silicate mineral with unique physico
chemical properties.40 Several nano-ATP composite mate
rials have been constructed in our previous study, and the 
results showed that it owns good biocompatibility and 
potential to promote osteoblastic specification.48,49 After 
adding nano-ATP, the G” (loss modulus) of the Gel/SA/ 
nano-ATP inks was always lower than the G’ (storage 
modulus) independent of temperature changes. The cross
over point further disappeared. The effect of temperature 
on the ink was weakened and changed the shear thinning 
behavior, but the state of inks was controllable, and the 
printability of the composite hydrogel inks during the 3D 
bioprinting process was demonstrated (Figure 1D). 
Figure 1E shows that the viscosity of inks increased as 

Figure 6 Histological analysis of Gel/SA/nano-ATP composite hydrogel scaffolds in rabbit tibial plateau defects at 4 to 12 weeks post-implantation. (A) Digital photographs 
of the five experimental groups during surgery (0 weeks) and at 4–12 weeks post-surgery. (B) Staining with H&E and (C) Masson’s trichrome demonstrates new bone 
formed in the composite hydrogel (scale bar = 100 μm). (D) Quantitative data of Masson’s trichrome staining. (*p < 0.05, **p < 0.01, ***p < 0.001, n = 3). 
Abbreviations: Gel, gelatin; SA, sodium alginate; nano-ATP, nano-attapulgite; H&E, hematoxylin and eosin; M, implanted material; NB, new bone.
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the nano-ATP content increased. The shear-thinning beha
vior was no longer obvious, which corresponds to pre
vious results.48,49

Although the contact angles of the composite hydrogel 
were close to or over 50 degrees, it would not have a great 
effect on cell attachment, proliferation, and differentiation. 
That is because combining alginate and gelatin facilitates 
cell adherence to the surface of the scaffold, and the nano- 
ATP could act directly as focal adhesion sites through the 
provision of reactive functional groups for cell attachment 
due to its special rod crystal structure.55 Additionally, 
abundant Si and Mg in nano-ATP could stimulate the 
osteogenic differentiation of bone stem cells. The results 
in this paper were consistent with the previous research 
results, which proved that nano-ATP has an effect on 
promoting cell proliferation and differentiation.56 The 
mechanical properties of the composite hydrogels play 
a significant role in BTE.57,58 The mechanical properties 
were remarkably improved after adding nano-ATP to the 
Gel/SA hydrogel while the degradation rate decreased. 
The compressive strength of 15 w/v% nano-ATP was 
higher than that of Gel/SA hydrogel and increased by 
about 10 MPa (Figure 2E). The Gel/SA/nano-ATP hydro
gel degraded more slowly than the control group, and the 
magnitude of degradation depends on the content of nano- 
ATP. At 12 weeks, the degradation rate of the control 
group was twice that of the 15 w/v% nano-ATP group 
in vitro. The ideal situation in bone defect repair is that 
the new bone forms with the degradation of the scaffold.59 

Therefore, the Gel/SA/nano-ATP hydrogel scaffold has the 
potential for repairing bone defects and could provide 
sufficient mechanical support for the defect site with con
trollable biodegradability.

A series of characterization results showed that the 
physical-chemical properties of the Gel/SA hydrogel chan
ged after the addition of nano-ATP (Figure 2A and B). The 
weight loss decreased as the nano-ATP content increased; 
the thermal stability in the high-temperature region was 
improved. Similarly, the hydrophilicity and swelling of the 
hydrogel increased because nano-ATP has good water 
absorption properties. Similar to previous studies, the 
rapid swelling behavior of the scaffolds promoted cell 
adsorption and growth.60 Good bioactivity is also an 
important factor for bone tissue engineering scaffolds.58 

After 14 days of incubation in 1.5× SBF solution, an 
apatite-like layer was observed in the SEM images 
(Figure 3A). In addition, the amount of hydroxyapatite 
increased on the surface of the hydrogels with increasing 

nano-ATP concentration. The results showed that the Gel/ 
SA/nano-ATP composite hydrogels had excellent 
bioactivity.

As a basic requirement for BTE, the biocompatibility of 
a scaffold is often the primary factor to evaluate whether it 
could provide a suitable microenvironment for cell survival 
and proliferation.61 Hydrogels containing nano-ATP showed 
good biocompatibility. The gel and alginate had good bio
compatibility, and the nano-ATP was nontoxic with good 
biocompatibility for a bone tissue scaffold. The results of 
live/dead and cytoskeletal staining (Figure 3B and C) further 
demonstrated that the composite hydrogel not only provided 
a proper microenvironment for BMSC survival but also 
promoted proliferation and stretching of BMSCs versus the 
control hydrogel. Furthermore, 3D printing technology could 
be used to fabricate appropriate pore sizes (~400 μm) and 
porosities of the composite hydrogels for bone defect repair, 
which match the recommended size of 100–400 μm for 
osteoconduction.62,63 They also provide enough surface 
area, pore interconnections, and channels for cell growth 
and nutrient transport. The results indicated that the addition 
of nano-ATP did not affect cell viability, and the Gel/SA/ 
nano-ATP composite hydrogel met the requirements of bone 
defect repair.

The Gel/SA/nano-ATP composite hydrogel could pro
mote osteogenic differentiation of BMSCs in vitro, which 
is consistent with previous studies.64 The ALP activity of 
BMSCs increased after 14 days, suggesting that the Gel/SA/ 
nano-ATP composite hydrogel can induce an osteogenic 
response in BMSCs. Furthermore, ARS staining showed 
obvious extracellular calcium deposits produced by osteo
blasts in the Gel/SA/nano-ATP composite hydrogels versus 
the gel without nano-ATP. These results indicated that the 
addition of nano-ATP could efficiently induce the differentia
tion and mineralization of BMSCs. The relative expression 
of the osteogenic differentiation-related genes OCN, OPN, 
OSX, and Runx2 was significantly higher in the 5 w/v% nano- 
ATP groups than in the control group on the 3rd, 7th, and 
14th day. Hence, the increase in osteoblastic marker expres
sion further confirmed the differentiation of BMSCs grown 
on the Gel/SA/nano-ATP composite hydrogel scaffold.

The specific mechanism by which nano-ATP promotes 
osteogenic differentiation of osteoblast precursor cells 
remains unclear, but the osteogenic effects seem to be 
mainly attributed to the abundant Si and Mg in nano- 
ATP. Thevenot et al mentioned that the incorporation of 
negative charges may facilitate adsorption of proteins that 
promote cell adhesion and responses,65,66 so the addition 
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of negatively charged ATP may have the same effects. 
Some studies have shown that Si and Mg ions could 
stimulate the osteogenic differentiation of bone stem 
cells and can also promote vascularization.55,67 In addi
tion, nano-ATP has special rod-like crystal structures that 
can act as focal adhesion sites and provide reactive func
tional groups to facilitate cell attachment and spreading.68 

Another possible mechanism may be that Si4+ or Mg2+ 

preferentially exchange on ATP particle surfaces relative 
to monovalent ions when the local concentrations of diva
lent cations increase with the charge density. These rele
vant ions are necessary for the function of integrins, and 
the transmembrane receptors could mediate cell interac
tions with ECM.69 However, more research is needed to 
explore the detailed mechanism of nano-ATP on BMSCs.

The results of the tibia bone defect showed that more 
new bone tissue grew in defects with a higher nano-ATP 
concentration in the hydrogels. At the 8th and 12th weeks 
(Figure 6B and C), there were new bone tissues within the 
pores in the Gel/SA/nano-ATP composite hydrogels, 
which was consistent with the mechanism proposed 
above. The results in this study illustrate that the Gel/SA/ 
nano-ATP composite hydrogel has good compatibility and 
degradability and could promote bone repair and regenera
tion, thus demonstrating a promising potential bone tissue 
scaffold for bone repair.

Conclusion
In this study, Gel/SA/nano-ATP composite hydrogels con
taining different nano-ATP contents for bone repair were 
fabricated using 3D bioprinting technology. The Gel/SA/ 
nano-ATP composite hydrogel showed better printability 
and mechanical properties compared to the gel without 
nano-ATP. In addition, the composite hydrogel showed 
good biocompatibility and could promote osteogenesis dif
ferentiation of BMSCs. Furthermore, there were obvious 
new bone tissues within the pores in the Gel/SA/nano-ATP 
composite hydrogel scaffolds after implantation in a rabbit 
tibia bone defect for 12 weeks; this indicates that they were 
more effective in inducing bone regeneration than the control 
group. To summarize, the Gel/SA/nano-ATP composite 
hydrogel scaffolds could repair bone defects.
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