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A B S T R A C T

Development of nano-laponite as bioinks based on cell-loaded hydrogels has recently attracted significant
attention for promoting bone defect repairs and regeneration. However, the underlying mechanisms of the pos-
itive function of laponite in hydrogel was not fully explored. In this study, the effect of 3D bioprinted nano-
laponite hydrogel construct on bone regeneration and the potential mechanism was explored in vitro and in
vivo. In vitro analyses showed that the 3D construct protected encapsulated cells from shear stresses during bio-
printing, promoted cell growth and cell spreading, and BMSCs at a density of 107/mL exhibited an optimal
osteogenesis potential. Osteogenic differentiation and ectopic bone formation of BMSCs encapsulated inside the
3D construct were explored by determination of calcium deposition and x-ray, micro-CT analysis, respectively.
RNA sequencing revealed that activation of PI3K/AKT signaling pathway of BMSCs inside the laponite hydrogel
significantly upregulated expression of osteogenic related proteins. Expression of osteogenic proteins was
significantly downregulated when the PI3K/AKT pathway was inhibited. The 3D bioprinted nano-laponite
hydrogel construct exhibited a superior ability for bone regeneration in rat bones with defects compared with
groups without laponite as shown by micro-CT and histological examination, while the osteogenesis activity was
weakened by applications of a PI3K inhibitor. In summary, the 3D bioprinted nano-laponite hydrogel construct
promoted bone osteogenesis by promoting cell proliferation, differentiation through activation of the PI3K/AKT
signaling pathway.
1. Introduction

Conventional grafting methods used for the reconstruction of bone
defects caused by trauma, infection, and tumors are associated with
various limitations (supply and morbidity associated with autograft
harvest, minor immunogenic rejection, and risk of disease transmission
with allografts) [1,2]. Advances in three-dimensional (3D) bioprinting
have significantly revolutionized bone regeneration techniques [3,4].
Bioprinting is an advanced manufacturing method used to design and
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fabricate complex biological structures, because the integration of
designed structural and biological complexities through conventional
fabrication methods is challenging [5]. Jo~ao Mano et al. had confirmed
that proper porosity by 3D printing could improve the efficiency of cell
seeding on the scaffold and induce a more uniform distribution [6]. This
ensures the multifunctionality of printing osteogenic precursor
cell-incorporated bioinks (hydrogels) layer-by-layer and controls spatial
resolution as well as cell distribution to mimic the native architectures of
bone tissues. Bioinks are key components of the bioprint technology [2].
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This technology also includes printable materials, seed cells, and bio-
logical factors that enhance the biological activities of cells while pre-
serving shape fidelity during free-form deposition as extruded filaments
[7]. However, the bioprinting of tough hydrogels involves additional
complexities, including performance-complex crosslinking or incorpo-
ration of reinforcing mechanisms during printing and pre/post-printing
[4,5].

Nanocomposites with exceptional properties play a key role in
biomedical nanotechnology applications [8,9]. The incorporation of
laponite can significantly enhance the rheological capacities and me-
chanical properties of hydrogels [10]. Laponite is a relatively safe
FDA-approved material that can be used as a carrier of cell growth factors
[5]. The degradation products of laponite, including magnesium ions,
silicic acid, and lithium ions, exhibit biological activities such as the
promotion of osteogenic differentiation of mesenchymal stem cells [11].
Our research team has previously developed a biomimetic and functional
hydrogel scaffold incorporating laponite through 3D bioprinting [12]. In
vitro and in vivo analyses revealed that laponite can improve the osteo-
genic differentiation of bone mesenchymal stem cells (BMSCs) in the
absence of additional osteoinductive factors, which vary with different
cell seeding densities. However, the mechanism underlying the effects of
laponite on osteogenic differentiation has not been fully elucidated [11,
13].

BMSCs are multipotent progenitor cells localized in the stromal
compartment of the bone marrow. These cells exhibited osteogenic dif-
ferentiation potential [14]. During cultivation in medium, the cells at low
densities exhibited poor proliferative capacity, whereas at high densities,
they exhibited low viability [15,16]. However, it has not been deter-
mined whether the density of BMSCs inside 3D bioprinted hydrogels
influences their biological functions.

In this study, the effect of a bioprinted laponite hydrogel construct
loaded with BMSCs on osteogenesis was evaluated, and the potential
mechanisms were explored in vitro and in vivo. The effects of different cell
densities on the printability, mechanical properties, swelling, and hy-
dration characteristics of the bioprinted hydrogel construct were inves-
tigated. Furthermore, in vitro biocompatibility and osteogenic properties
of the constructs were evaluated. Ectopic bone formation was investi-
gated in a rat muscle pouch model. Furthermore, possible mechanisms
were explored by evaluating upregulated osteogenesis-associated genes
using RNA sequencing and KEGG pathway analyses. Finally, a rat cranial
bone defect model was established, and the regulation of the specific
pathways through which this bioprinted laponite hydrogel construct
induced osteogenesis was determined.

2. Experimental

2.1. Fabrication of bioprinted hydrogel constructs and analysis of their
characteristics

2.1.1. BMSC isolation and identification
BMSCs were extracted from the long bone marrow of 2-week-old

Sprague-Dawley (SD) rats [17] (provided by the Experimental Animal
Center of the Fourth Military Medical University) and cultured in MEM
alpha modification (α-MEM) (HyClone, Cat No: SH30265.01) medium
supplemented with 10% fetal bovine serum (FBS) (Gibco, Cat No:
10270-106) and 1% penicillin-streptomycin solution (Solarbio, Cat No:
P1400). Cells were incubated in an incubator (Thermo Fisher Scientific,
USA) with 5% CO2 humidified atmosphere at 37 �C. The medium was
replaced every two days to remove non-adherent cells. BMSCs were ob-
tained at 80–90% colony confluence and subcultured using trypsin
(HyClone, Cat No: SH30042.01). Third-generation BMSCs were used in
subsequent experiments.

Flow cytometric analysis was performed to determine the presence of
MSC-positive (CD29 and CD90) and MSC-negative (CD11b/c, CD34, and
CD45) surface markers using the appropriate antibodies (Biolegend,
USA).
2

2.1.2. Preparation of bioink
Hydrogels were prepared as previously described [12]. A blended

hydrogel comprising 10% gelatin (48722-500G-F, Sigma-Aldrich, USA),
1% alginate (A0682-100G, Sigma-Aldrich, USA), and 2% laponite
(BYK-Chemie GmbH, Germany) was prepared using deionized water at
30 �C. BMSCs were gently mixed with the hydrogel at different cell
densities (0, 1 � 105/mL, 1 � 106/mL, 1 � 107/mL and 1 � 108/mL
BMSCs indicates T0, T5, T6, T7 and T8, respectively) to obtain various
bioinks.

2.1.3. 3D bioprinting process
All constructs were printed using a bioprinter (Particle Cloud, Xi'an,

China). Bioinks with different cell densities were respectively loaded into
an extruder cartridge, with a temperature at 30 �C. The STL files were
loaded into the bioprinter program. The parameters for the bioprinter
were set as follows: moving speed, 50 mm/s; flow rate, 12.72 mL/h, and
nozzle height, 300 μm. Constructs of the complex were printed onto
homothermal metal plates (at room temperature), as shown in Fig. 1a.
Cylinders (8 mm in diameter and 5 mm in height) were fabricated for the
mechanical and swelling tests, whereas cuboids with dimensions of 15
mm � 15 mm � 2 mm were constructed for the other experiments. The
bioprinted constructs were immersed in 2% w/v CaCl2 solution to allow
cross-linking with calcium for 10min and then gently washed three times
with phosphate-buffered saline (PBS). The constructs were transferred to
a complete medium and cultured in an incubator under 5% CO2. Mor-
phologies of the cells inside the bioprinted constructs were explored on
days 1 and 7 using an optical microscope (BX53, Olympus, Japan).

2.1.4. X-ray diffraction (XRD) and Fourier transform infrared (FTIR)
spectroscopy

The structures of the biocomposite and each raw material were
determined using infrared spectroscopy and diffraction patterns. The
FTIR measurements were performed using a Nicolet iS5 infrared spec-
trometer (Thermo Corporation, USA). X-ray diffraction (XRD) data were
obtained using a D8-Advance X-ray diffractometer (Bruker Corporation,
Germany) equipped with nickel-filtered Cu-Kα radiation at 40 kV/30mA.
The patterns were collected at a scan speed of 0.02�/s at 2 theta angle of
10�–70�. Before the FTIR and XRD results were measured, the bio-
composite was ground into a powder.

2.1.5. Mechanical testing
Compression tests were performed using a universal material tester

(MTS Systems, Minneapolis, MN, USA) to evaluate the mechanical
properties of the bioprinted cylinders with different cell densities. Sam-
ples from each group were analyzed at a compression speed of 2 mm/min
and a preliminary load of 0.3 N. Compressive modulus was calculated
using the following equation:

E¼ F � L
S� ΔL

where F is the compressive force, L is the original height of the samples, S
is the area of the upper compression surface of the samples, and ΔL is the
relative deformation of the samples under the force. All experiments
were performed in triplicates at room temperature.

2.1.6. Swelling tests
Hydration of the bioprinted cylinders with different cell densities was

determined by immersing six samples from each group in PBS for 12 h,
and each wet weight was recorded after careful removal of excess PBS on
the surface using a filter paper. The samples were then completely
lyophilized and their dry weights were recorded. The swelling ratio was

determined using the following equation: Swelling ratio ¼ Wwet�Wdry
Wdry

,

whereas the hydration degree was calculated as follows:

Hydration degree ¼ Wwet�Wdry
Wwet

� 100%.



Fig. 1. Preparation and characterization of 3D printed composite hydrogel biological scaffolds. (a) 3D printing preparation process of the biological scaffolds.
Hydrogels were assigned to five groups according to densities of loaded cells. (b) Cells were evenly distributed in the hydrogel scaffold, with some of the cells being
stretched in a spindle shape (red arrows) as observed under an optical microscope. Scale bars: white 200 μm, yellow 100 μm. (c) XRD patterns and (d) FTIR spectra of
Gel, Alg, Lap and the Mixture after bioprinting. (e) Compression modulus of cell-loaded hydrogels on the day 1 and day 7 after preparation. (f) Swelling ratios of each
group indicated that cell density had no significant effect on hydration performance of the hydrogels with high water contents. αP<0.05 vs T0; βP<0.05 vs T5; γP<0.05
vs T6; δP<0.05 vs T7. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Biocompatibility and osteogenic property analyses

2.2.1. Live/dead cell assay
The viability of cells inside the hydrogels was explored using a live/

dead assay (Dojindo Laboratories, Japan) on days 3, 7, and 14. Bio-
printed cuboid samples from each group were washed three times with
PBS and then transferred to a staining solution (α-MEM supplemented
with 10 mM calcein-AM and 10 mM propidium iodide (PI)). After incu-
bation for 3 h in a CO2 atmosphere, the live cells were stained in green by
calcein-AM (λex/λem ¼ 490 nm/515 nm), while the dead cells were
stained in red by PI (λex/λem ¼ 530 nm/580 nm). The staining solution
was washed with PBS and the samples were observed under a laser
confocal scanning microscope (Nikon A1R, Japan).

2.2.2. Cell microfilament staining
The live/dead cell assay indicated that T7 was the optimal density for

cell survival; thus, the cytoskeletal structure of the cells in this group was
explored on day 7 of incubation. The samples were gently washed three
times with PBS, fixed in 4% paraformaldehyde (Solarbio, China), and
treated with 0.5% Triton X-100 (Sigma, USA) to rupture the cytomem-
brane, followed by washing with PBS. The samples were stained with
phalloidin (Cytoskeleton Inc., USA) for 30 min and DAPI (Solarbio,
China) for 5 min. Imaging was performed using a laser confocal scanning
microscope.

2.2.3. Alizarin red S staining
Calcium deposits were evaluated on days 7, 14, and 21 after bio-

printing. Samples from each group were fixed in 4% paraformaldehyde
for 30 min and gently washed three times with PBS, followed by over-
night dehydration in a solution of 30% sucrose and 10% gum arabic
(Sigma, USA). Frozen sections were prepared, and serial sections were
washed with PBS for 30 s to remove the Opti-mum Cutting Temperature
compound and stained with Alizarin Red S (Solarbio, China) according to
the manufacturer's instructions. Imaging was performed using an optical
microscope (BX53, Olympus). The mineralization capacities of the sam-
ples were determined by calculating the area covered by the mineralized
nodules.

2.2.4. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) analysis

SEM (Hitachi, Japan) equipped with an EDS spectrometer (Bruker,
Germany) was used to analyze the morphology and composition of the
mineralized nodules generated in the hydrogel construct. Specimens
were harvested on day 21 after bioprinting and gently rinsed three times
with deionized water to remove Ca2þ dissolved on the surface, followed
by dehydration with graded ethanol. The samples were then dried under
vacuum. Gold spraying was performed on the surface and examined
using SEM. Calcium nodules were captured and magnified using an ac-
celeration voltage of 15 kV. The elements in each sample were qualita-
tively and semi-quantitatively analyzed using an X-ray energy spectrum
analyzer.

2.2.5. Alkaline phosphatase (ALP) activity assay
Crosslinks for three samples in each group were untied using sodium

citrate on days 7, 14, and 21, and cells in the bioprinted hydrogel were
collected. ALP activity was determined using an ALP assay kit (Beyotime,
China), and total protein levels were evaluated using a BCA kit (Beyo-
time, China). ALP activity was normalized to the total protein concen-
tration of the samples.

2.2.6. Expression analysis of osteogenesis-associated genes
Total RNA was extracted from each sample by using a universal RNA

extraction kit (Takara, Xi'an, China). cDNA was synthesized using 500 ng
total RNA and 2 μL PrimeScript RT Master Mix (Takara, Xi'an, China)
according to the manufacturer's instructions. Quantitative real-time
reverse-transcriptase PCR was performed using TB Green Premix Ex
4

Taq II (Takara, Xi'an, China) on a CFX96 Real-Time PCR Detection Sys-
tem (Bio-Rad Laboratories Inc., USA). The primers used in this study are
listed in Table S1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as the control.

2.3. Ectopic bone formation analysis

After preparation, the bioprinted cuboids were placed in complete
medium to maintain cell viability, and transplantation was performed in
vivo on the same day to simulate the fate of cells mixed with the hydrogel
in vivo as much as possible.

2.3.1. Surgical procedure
Animal experiments and procedures were approved by the Experi-

mental Animal Ethics Committee of Fourth Military Medical University.
Forty-five Sprague-Dawley rats (male, approximately 250 g) were pur-
chased from the Experimental Animal Center of the Fourth Military
Medical University and used for ectopic bone formation analysis. Anes-
thesia was induced by the intraperitoneal administration of pentobarbital
sodium (40 mg/kg). The posterior gluteal area was then shaved and
disinfected using iodine disinfectant. Subsequently, one bioprinted
cuboid was bilaterally implanted into the posterior gluteal muscle punch
of nine rats from each group. The wound was gently sutured after im-
plantation. Three rats from each group were euthanized 2, 4, and 8 weeks
after implantation to harvest the implants.

2.3.2. X-ray and micro-computed tomography (micro-CT) imaging
Whole hind legs of rats were dissected at predefined time points and

perfused with 4% paraformaldehyde for X-ray imaging. The samples
were then gently isolated from the muscle punches. The samples were
scanned using a micro-CT system (YXLON, Germany), and 3D images
were reconstructed using VG Studio MAX software (Volume Graphics,
Heidelberg, Germany) for bone formation analysis. The voltage and the
current were 80 kV and 55.6 μA, respectively, and the image pixel size
was 17 μm. The bone volume to total volume (BV/TV) ratio was
determined.

2.3.3. EDS of samples
An energy-dispersive X-ray spectrometer was used to analyze the

elemental compositions of each sample to explore the mineralization of
the ectopically embedded samples following a previously described
method [8].

2.3.4. Tissue immunofluorescence staining
The levels of Runx2, osterix, OCN, and Col-1α proteins in each sample

were evaluated by immunofluorescence at week 4 post-operation.
Deparaffinized sections were rehydrated with deionized water,
retrieved using sodium citrate buffer, and blocked with 10% non-specific
binding goat serum. Further, sections were incubated with primary an-
tibodies against Runx2 (Abcam, ab23981, 1:200), osterix (Abcam,
ab22552, 1:200), OCN (Abcam, ab13420, 1:200), and Col-1α (Abcam,
ab34710, 1:500) overnight at 4 �C. The samples were further incubated
with fluorescent dye-conjugated secondary antibodies and counter-
stained with DAPI. Images were obtained using a laser confocal scanning
microscope (Nikon A1R, Tokyo, Japan).

2.3.5. Masson's trichrome staining
Excised tissues that had been stored in a fixative solution were

embedded in paraffin. The samples were decalcified in 10% ethyl-
enediaminetetraacetic acid (EDTA) for 2 weeks. Embedded tissues were
sectioned to obtain 5 μm slices and stained usingMasson's trichrome after
deparaffinization for ossification analysis.

2.3.6. Sirius red staining
A Sirius red stain kit (Solarbio, China) was used to determine the

composition of newly formed fibers in the material tissues. Sections were
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deparaffinized using toluene and stained according to the manufacturer's
instructions. Collagen fiber imaging, mainly collagen I and III, was per-
formed under an optical microscope (BX53; Olympus, Tokyo, Japan)
using polarized light.

2.4. Investigation of mechanisms of different activities

2.4.1. RNA sequencing and bioinformatics analyses
Transcriptome sequencing was performed to explore the mechanism

of osteogenesis promotion by laponite. Total RNA was isolated from
BMSCs obtained from the bioprinted laponite hydrogels (Hyd_Lap) using
TRIzol reagent (Invitrogen, Carlsbad, USA) after two weeks of cultiva-
tion, according to the manufacturer's instructions. Cells in bioprinted
hydrogels without laponite (Hyd) were used as the controls. RNA
sequencing was performed at LC Biotech (Zhejiang, China) to determine
the expression profiles of the mRNAs in the different groups. mRNAswith
a fold change of log2 >1 or < -1 and p < 0.05 were considered differ-
entially expressed. A volcano map was generated to show the number of
differentially expressed mRNAs, including the upregulated and down-
regulated mRNAs. Gene ontology (GO) analysis was used for functional
annotation of genes. The overall trend in gene expression is presented as
a heatmap. The Kyoto Encyclopedia of Genes and Genomes (KEGG) was
used to analyze the signaling pathways in which differentially expressed
genes were enriched. The top 20 significantly enriched signaling path-
ways (p <0.05) were visualized using a scatter bubble chart. The PI3K/
AKT pathway, highlighted by the red box, is highly enriched. Bio-
informatic analyses were performed using online LC tools (https://www
.omicstudio.cn/tool).

2.4.2. Western blot analysis
BMSCs were cultured in bioprinted hydrogels with or without

laponite to explore the role of the PI3K/AKT signaling pathway. Cells
cultivated in normal culture plates were used as the blank group. Total
protein was extracted from the cells using RIPA Lysis Buffer (Beyotime,
China), according to the manufacturer's instructions. Proteins were
separated using 10% SDS-PAGE and transferred to 0.22 μm poly-
vinylidene fluoride (PVDF) membranes (Millipore, Germany). PVDF
membranes were blocked with 5% (w/v) non-fat dried skim milk TBST
solution, then incubated with primary antibodies against p-PI3K
(CST4228, 1:1000, USA), PI3K (CST4292, 1:1000, USA), p-AKT
(CST4060, 1:1000, USA), AKT (CST4691, 1:1000, USA), p-mTOR
(Santa293133, 1:500, USA), and mTOR (Santa517464, 1:500, USA)
overnight at 4 �C. The cells were then incubated with a corresponding
horseradish peroxidase (HRP)-conjugated secondary antibody (Pro-
teintech, SA00001-1 and SA00001-2, 1:2000, China) at room tempera-
ture for 2 h. ECL Plus reagent (Millipore, Germany) was used to detect the
protein bands. LY294002 (MCE, USA) was used to suppress PI3K phos-
phorylation to verify the role of PI3K/AKT signaling. Protein expression
was evaluated using the following primary antibodies: Runx2 (Abcam,
ab23981, 1:1000, UK), Col-1α (Abcam, ab34710, 1:1000, UK), and
GAPDH (Elabscience, E-AB-20032, 1:1000, China). GAPDHwas used as a
loading control.

2.4.3. Alizarin red s staining
Staining was performed as described in section 2.2.3.

2.5. Critical-sized cranial defect rat models

2.5.1. Surgical procedure
Bioprinted hydrogel materials were prepared, cultured in complete

medium, and implanted on the same day. Fifteen male SD rats (12 weeks
old, approximately 300 g) were used to establish critical-sized cranial
defect rat models and were assigned to five groups. Anesthesia was
induced by intraperitoneal administration of pentobarbital sodium (40
mg/kg), and circular defects (d ¼ 8 mm) were created in the rat skulls. A
bioprinted hydrogel without laponite was implanted into the defect to
5

establish the Hyd group, whereas a bioprinted hydrogel with laponite
was implanted into Hyd_Lap rats. Laponite hydrogels were implanted,
followed by intraperitoneal administration of LY294002 twice weekly for
4 weeks in rats in the Hyd_Lapþ LY294002 group. To confirm the role of
BMSCs in promoting bone regeneration in the hydrogel, laponite
hydrogels without BMSCs were implanted in Hyd_Lap (no BMSCs) as a
control. The blank group consisted of rats without implantation in the
defect. Samples (n ¼ 3) from each group were radiographically and
histologically analyzed 8 weeks post-surgery.

2.5.2. Micro-CT analysis
Rats were euthanized on week 8, and their skulls were harvested.

Skull tissues were fixed in 4% neutral paraformaldehyde for 72 h and
transferred to 70% ethanol. The skulls were examined using micro-
computed tomography. The voltage and the current were 80 kV and
55.6 μA respectively, and the image pixel size was 10 μm 3D images were
reconstructed to explore the formation of new bone. Various parameters,
including bone volume/total volume (BV/TV), trabecular thickness
(TbTh), and trabecular number (TbN) were determined in the region of
interest (ROI) with a diameter of 8 mm.

2.5.3. Van Gieson staining
The undecalcified specimens were then embedded in methyl meth-

acrylate. The samples were sectioned, stained using the Van Gieson
method, and observed under an optical microscope.

2.5.4 Hematoxylin and eosin staining. At the corresponding time
points, the hearts, livers, spleens, lungs, and kidneys of the rats were
obtained. After fixing in 4% neutral paraformaldehyde for 72 h, the
visceral tissues were dehydrated using gradient alcohol, embedded in
paraffin, and sectioned using conventional procedures. The sections were
then stained with hematoxylin-eosin after deparaffinization and
observed under an optical microscope.

2.6. Statistical analysis

Quantitative data are expressed as mean � SD for n ¼ 3. Differences
between multiple or two groups were analyzed using a one-way analysis
of variance or Student's t-test, respectively. SPSS 19.0 (SPSS Inc., Chi-
cago, IL, USA) or GraphPad Prism 8 (La Jolla, CA, USA) software was
used for statistical analyses. The significance level was set at p < 0.05.

3. Results

3.1. Hydrogel construct synthesis and characterization

3.1.1. Cell identification
The presence of BMSCs was confirmed by identifying the expression

levels of two MSC-positive (CD29 and CD90) and three MSC-negative
(CD34, CD45, and CD11b) surface markers of BMSCs (Figure S1).

3.1.2. Fabrication of biological scaffolds
Constructs were prepared and assigned to five groups (T0, T5, T6, T7,

and T8) based on the densities of the added BMSCs (Fig. 1a). Optical
microscopy revealed high viability and spreading of BMSCs in the frame
of bioprinted hydrogel constructs from days 1 to 7 for the T5, T6, T7, and
T8 groups. By contrast, no cells were observed in the T0 group. The cells
were intensively distributed with increasing cell density. Notably, some
cells began to spread in a spindle shape on day 7 (Fig. 1b).

3.1.3. X-ray diffraction (XRD) and Fourier transform infrared (FTIR)
spectroscopy

The diffraction peaks of the raw materials exhibited unique charac-
teristics. Fig. 1c shows that the peaks of laponite were mostly located at 2
theta 20�, 35�, and 61�, while gelatin at 2 theta 22� and alginate at 2
theta 13�, respectively, indicating that these raw ingredients were
satisfactory. The diffraction peaks of the biocomposite were primarily

https://www.omicstudio.cn/tool
https://www.omicstudio.cn/tool
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located at 2 theta 22�, 35�, and 61�, reflecting the presence of each raw
material in the composite. The FTIR spectrum (Fig. 1d) of the composite
showed peaks at 2943 cm�1, 1418 cm�1, and 1013 cm�1, which corre-
spond to the characteristic absorption peaks of gelatin, alginate, and
laponite, respectively, indicating that the original ingredients did not
vary after bioprinting.

3.1.4. Mechanical properties
The strain–stress relationship curve showed that the stress increased

with increasing strain (Figure S2). Notably, the addition of BMSCs at
different densities caused a mild decrease in compressive modulus.
Hydrogel cylinders in the T8 group exhibited a significantly lower
compressive modulus on days 1 and 7 (p< 0.05), whereas the decrease in
compressive modulus for all other cell-loaded groups was not signifi-
cantly different from that of the T0 group (p > 0.05; Fig. 1e).

3.1.5. Hydration analysis
The results showed no significant differences in the swelling ratios

among the samples from the different hydrogel groups (p > 0.05).
Notably, the swelling ratios for all groups were less than 1100% (Fig. 1f).
The hydrate formation rate of the hydrogels was approximately 91.2%
and the analysis did not show significant differences among the groups
(p > 0.05; Figure S3).

3.2. Biocompatibility and osteogenic property of hydrogels

3.2.1. Viability and survival status of BMSCs inside hydrogels
Live cells were stained with green fluorescence, whereas dead cells

were stained with red fluorescence. The cell survival status and gradual
proliferation inside the bioprinted hydrogels of each group at days 3, 7,
and 14 are presented in Fig. 2a. During the printed scaffolds being cross-
linked and washed, the laponite on the surface could form a complex
with Ca and PBS, which would adsorb the red dye PI due to electrostatic
effect [18,19]. Therefore, when the scaffolds were stained, some lumps of
red may appear in addition to the scattered red dots of dead cells. The
cells in each group initially maintained a high activity level in the
hydrogel. With the extension of the culture time, the number of cells,
including live cells and dead cells, gradually increased (Fig. 2b). Cell
viability in live/dead images was quantified using ImageJ software
(Fig. 2c). The findings showed that the number of viable cells in the T8
group was less than 90% on day 3 and decreased to less than 85% on day
14. The survival rates in the other groups were >90% on day 14. After
culturing the hydrogels for 7 days in vitro, BMSCs were attached and
spread evenly inside the hydrogels, as shown by the polygonal and
slender actin filaments (red) around the nucleus (blue) (Fig. 2d). This
indicates that the bioprinted construct can provide suitable 3D conditions
to mimic the in vivo environment for BMSC adhesion and migration.

3.2.2. Osteogenic differentiation and mineralization
Alizarin red S staining was performed to explore mineralization. Red

nodules representing the formation of mineralized matrices were
observed in the experimental groups (T5, T6, T7and T8), whereas the
control group (T0) did not exhibit mineralized matrices throughout the
culture period (Fig. 3a). Quantitative analysis showed that the level of
mineralized matrices in the T7 group was higher than that in the other
groups, indicating that BMSCs at 1 � 107/mL density had an optimal
osteogenic differentiation performance (Fig. 3b). SEM and EDS analyses
were performed to explore the elemental composition of the nodules
formed in the hydrogel after culturing the BMSCs for 21 days. The dis-
tribution of calcium and phosphorus and spectrograms of the constituent
elements in the selected area are presented in Fig. 3c. The levels of
different elements in the newly formed nodules, including carbon,
hydrogen, oxygen, calcium, phosphorus, and silicon, were similar to
those in bone. The ratio of calcium and phosphorus (1.4 � 0.17) was not
significantly different relative to that of hydroxyapatite (approximately
1.67).
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3.2.3. Expression levels of osteogenic genes
ALP activity in BMSCs from each group increased from day 7 to 21.

ALP activity of BMSCs in the T7 group (83.40 � 6.75) was significantly
higher than that in the other three groups on day 14 (p < 0.05; Fig. 3d).
In the detection of osteogenic genes, to confirm the promotion effect of
laponite on BMSCs in the hydrogel, a cells/hydrogel compound without
laponite was set as a control group. The expression levels of osteogenesis-
associated genes in the hydrogel containing laponite were higher than
those in the control group (hydrogel without laponite; p < 0.05,
Fig. 3e–i), clearly indicating that laponite promoted the osteogenic dif-
ferentiation of BMSCs in the hydrogel. Although the expression levels of
the early marker gene (Runx2) and its downstream gene (osterix) were
slightly suppressed on day 14 compared to day 7, the T7 group with a cell
density of 107/mL had the highest expression level compared to the other
groups (p < 0.05). Other osteogenesis-associated genes (ALP, OCN, and
Col1a) were not significantly expressed on day 7; however, they showed
a trend similar to that of Runx2 and osterix on day 14.

3.3. Ectopic osteogenesis in muscle pouch

3.3.1. X-ray and EDS spectrum analysis
The results showed that images of implants in the T0 group were

almost uncaptured at all time points, whereas the images of implants in
groups T5, T6, T7, and T8 exhibited varying degrees of mineralization
with increasing time (Fig. 4a). Hydrogel constructs were gently isolated
from the separated hind legs (Fig. 4b). Implanted constructs become
increasingly integrated with the surrounding tissues over time. The
texture of the material became hard and a sense of sand was felt upon
scratching the inside with a scalpel during isolation. EDS was performed
to analyze the components and verify bone formation in the implanted
constructs. A uniform distribution of calcium and phosphorus was
observed in the presence of representative bone elements. The ratio of
calcium to phosphorus was approximately 1.57 � 0.23, similar to the
ratio of hydroxyapatite (Fig. 4c).

3.3.2. Micro-CT analysis
Microstructures and bone masses were determined by micro-CT

scanning to quantify the amount of mineralized bone inside the bio-
printed constructs which had been implanted in muscle pouches. New
bone (silver white) and soft tissues (yellow) were segmented using a
threshold value of 2000 HU (Fig. 4d). The BV fraction was calculated as
the new bone volume divided by the total material tissue (BV/TV)
(Fig. 4e). The four cell-loaded groups exhibited significantly better bone
formation than the T0 group, with almost no mineralized bone formation
in the T0 group, which was consistent with the X-ray results (Fig. 4a). The
BV/TV results showed that the T5 group exhibited the lowest amount of
mineralized bone formation at week 2 compared to the four cell-loaded
groups, whereas the T8 (12.20 � 0.82%) and T7 (11.55 � 1.16%)
groups exhibited better bone formation relative to the T6 (7.59� 1.08%)
group (p< 0.05). The T7 group showed the best bone formation at weeks
4 and 8, with bone formation levels of 18.39 � 0.84% and 21.46 �
1.03%, respectively.

3.3.3. Immunofluorescence staining for osteogenic-related proteins
Immunofluorescence staining was performed four weeks after trans-

plantation to explore the expression levels of osteogenic-related proteins
(Runx2, osterix, OCN, and Col-1a) in the samples. Very low or no protein
fluorescence signal was detected in the T0 (no cell loading) group,
whereas the other four groups showed different degrees of immunoflu-
orescence signals (Fig. 5a). Staining results revealed that the immuno-
fluorescence signal intensities of Runx2, Osterix, and OCN in the T6, T7,
and T8 groups were not significantly different (p > 0.05); however, they
were stronger than those of the T5 group. The fluorescence intensity of
Col-1a in T7 was stronger than that in the other groups (p < 0.05).



Fig. 2. Survival, proliferation rate and growth status of BMSCs 3D cultured in hydrogel scaffolds at different cell densities. (a) Live/dead stain images of BMSCs in 3D
printed hydrogel scaffolds at different cell densities after 3, 7, and 14 days of culture in vitro (green represents live cells, red represents dead cells). Scale bar: 100 μm.
Statistics of the proliferation (b) and survival rate (c) of BMSCs in each group of hydrogel scaffolds after culturing for 3, 7, and 14 days. (d) Images of F-actin staining of
BMSCs cytoskeleton in the T7 group on the day 7 of culture showing cell division and contact with adjacent cells under a randomly selected field of view. Scale bar: 10
μm αp<0.05 vs T5; βp<0.05 vs T6; γp<0.05 vs T7. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

S. Miao et al. Materials Today Bio 16 (2022) 100342

7



Fig. 3. Effects of density of BMSCs on osteogenic differentiation and mineralization of 3D bio-printed hydrogel scaffolds. (a) Mineralization of hydrogel scaffolds with
different densities of BMSCs in vitro for day 7, 14, and 21 as shown by alizarin red staining. (b) Quantitation of mineralization levels of hydrogels. Scale bar: 200 μm
αp<0.05 vs T0; βp<0.05 vs T5; γp<0.05 vs T6; δp<0.05 vs T7. (c) Elemental composition of mineralized nodules as determined by Energy Dispersive X-ray Spec-
troscopy (EDS). Scanning electron micrograph of mineralized nodules, elemental distribution of P and Ca elements, and the spectrum of various elemental compo-
sitions are shown. (d) Quantitative assays of Alkaline phosphatase (ALP) activity of encapsulated BMSCs in hydrogel scaffolds after culturing for 7, 14, and 21 days.
αp<0.05 vs T5; βp<0.05 vs T6; γp<0.05 vs T7. Relative gene expression levels of osteogenic markers (e) Runt-related transcription factor 2 (Runx2), (f) Osterix, (g)
ALP, (h) osteocalcin (OCN) and (i) type I collagen (Col-1) of BMSCs after day 7 and day14 culture in the hydrogels. αp<0.05 vs control; βp<0.05 vs T5; γp<0.05 vs T6;
δp<0.05 vs T7. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Mineralized bone formation after ectopic implantation of 3D bio-printed hydrogel scaffolds with different densities of BMSCs. (a) X-ray images of rats' posterior
gluteus muscle pouches implanted with biological scaffolds at week 2, 4 and 8. Scale bar: 5 mm. (b) A schematic illustration of isolation of mineralized biological
scaffolds from rat posterior gluteal muscle pouches. (c) EDS energy spectrum analysis of mineralized scaffolds. Scanning electron micrographs of mineralized nodules,
distribution of P and Ca elements, and spectrums of various elemental compositions are shown. (d) Micro-CT imaging of biological scaffolds with different densities of
BMSCs implanted in rat muscle pouches after 2, 4, and 8 weeks (silver color represents mineralized bone, yellow represents fibrous soft tissue) and (e) the corre-
sponding bone volume fraction. Scale bar: 4 mm αp<0.05 vs T0; βp<0.05 vs T5; γp<0.05 vs T6; δp<0.05 vs T7. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Osteogenic differentiation after ectopic implantation of hydrogel scaffolds with different densities of BMSCs for 4 weeks. (a) Immunofluorescence staining
images of osteogenic related proteins Runx2 (green), Osterix (green), OCN (red), and Col-1a (red). Cell nuclei stained in blue. Scale bar: 50 μm. (b) Masson staining of
isolated tissues showing collagen deposition (blue), and (c) Collagen type I and III (orange-yellow indicates type I collagen, blue-green indicates type III collagen) as
observed after Sirius red staining. Scale bar: 100 μm. (d) Quantitative results of the area of collagen and (e) the ratio of type I/III collagen. αp<0.05 vs T0; βp<0.05 vs
T5; γp<0.05 vs T6; δp<0.05 vs T7. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3.4. Masson and sirius red staining
Collagen fibers appeared blue under Masson staining and exhibited a

cord-like structure (Fig. 5b). The samples were stained with Sirius red
and observed under a polarized light microscope to determine the types
of collagen fibers. Type I collagen showed an orange-yellow color,
whereas type III collagen showed a blue-green color (Fig. 5c). The
amount of collagen produced and the ratio of type I to type III collagen
were evaluated and quantitatively compared using ImageJ software.
Staining results (Fig. 5d) showed that the percentage of collagen fibers in
T7 group (55.47 � 5.21%) was significantly higher relative to that of T6
(36.67� 4.57%) and T8 (43.53� 7.48%) groups (p < 0.05). The ratio of
type I/III was highest in the T7 group (0.64 � 0.03), and no significant
difference in the ratio of type I and type III was observed between the T6
(0.52 � 0.01) and T8 (0.56 � 0.03) groups (Fig. 5e).
3.4. Signaling pathway analysis

3.4.1. Gene expression and bioinformatic analyses
Based on the results of the above experiments. A cell density of 1 �

107/mL (Hyd_Lap group) was used to explore the potential mechanism
Fig. 6. Gene expression and analysis of biological activity of BMSCs cultured in Hy
BMSCs cultured in the two groups (red represents upregulated genes, blue represents
associated genes identified by GO enrichment analysis. (c) KEGG pathway gene enric
enriched. (For interpretation of the references to colour in this figure legend, the re
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by which laponite promotes bone formation. Bioprinted hydrogels
without laponite loaded with the same density of BMSCs were used as
controls (Hyd group). The genes identified and expressed in the 2nd
week after printing are shown in Fig. 6a. A total of 2, 068 up-regulated
and 2, 491 down-regulated genes were identified in the Hyd_Lap group
compared to those in the Hyd group. Gene Ontology (GO) analysis of
differentially expressed genes showed that ossification-related genes,
such as Bmp2, Col1a, and Sp7, were upregulated in Hyd_Lap (Fig. 6b),
consistent with previous results from osteogenesis experiments. KEGG
pathway analysis was performed to investigate the potential mecha-
nisms. The top 20 enriched pathways are presented in Fig. 6c, with the
PI3K/AKT pathway being the most significantly enriched pathway.

3.4.2. Protein quantitation analyses of key markers in the PI3K/AKT
pathway

Western blotting was performed to determine the expression levels of
various marker proteins (PI3K, AKT, and mTOR) in the PI3K/AKT
pathway and to test their phosphorylation in the blank, Hyd, and
Hyd_Lap groups to verify PI3K/AKT pathway activation. Western blot
results and protein quantitative analysis showed that the
d_Lap and Hyd groups. (a) Volcano plots showing mRNA expression profiles of
downregulated genes). (b) Heat map showing expression levels of osteogenesis-
hment analysis. The PI3K/AKT pathway, highlighted with a red box, was highly
ader is referred to the Web version of this article.)
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phosphorylation levels of the three proteins (PI3K, AKT, and mTOR) in
BMSCs cultured in the Hyd_Lap group were significantly higher than
those in the Hyd and blank groups (Fig. 7a and Fig. 7b, p < 0.05).

LY294002, an inhibitor of PI3K, was added to the Hyd_Lap group to
block PI3K/AKT pathway activation and to verify that laponite promotes
the osteogenic differentiation of BMSCs through this pathway. The
expression levels of osteogenesis-related proteins Runx2 and Col1a and
mineralization in the bioprinted hydrogels were evaluated. The expres-
sion levels of key osteogenic proteins (Runx2 and Col-1a) were upregu-
lated in the Hyd_Lap group compared with those in the Hyd group,
whereas the expression of these proteins was significantly downregulated
after LY294002 treatment (Fig. 7c and d). Alizarin Red S staining showed
consistent results; the area of mineralized nodules in the Hyd_Lap group
was larger than that in the Hyd and Hyd_Lapþ LY294002 groups (Fig. 7e
and f).

3.5. Bone defects repair experiment

The amount of new bone formed in Hyd_Lap group on week 8 was
significantly higher relative to the amount of bone formed in the other
groups. The amount of new bone formed in the Hyd_Lap þ LY294002
group was not significantly different from that in the blank group, as
shown by themicro-CT scan and 3D reconstruction analysis (Fig. 8a). The
volume ratios of new bone to total tissue (BV/TV) showed a higher
volume of new bone in the defect area in the Hyd_Lap group than in the
Hyd group (p < 0.05; Fig. 8b). However, low amount of newly formed
bone was observed in the Hyd_Lapþ LY294002 group comparedwith the
amount of bone formed in the Hyd_Lap group. In addition, the TbTh and
TbN levels in the Hyd_Lap group were higher than those in the other
groups (p < 0.05; Fig. 8c and d). In addition, the amount of new bone
formed in the Hyd_Lap (no BMSCs) group was significantly lower than
that in the Hyd_Lap group (Fig. 8a–d), indicating that BMSCs are essential
for bone regeneration in the hydrogels.

Van Gieson staining showed higher new bone formation at the edge of
the defect area in the Hyd_Lap group relative to the amount of bone
formed in the Hyd and Hyd_Lap þ LY294002 groups. In contrast, the
blank group exhibited only partial fibrous tissue formation (Fig. 8e).

To confirm the effect of implanted hydrogel materials and the in-
hibitor LY294002 on rats for a long period, the rat heart, liver, spleen,
lung, and kidney were sectioned and subjected to H&E staining after
implantation for 8 weeks. No abnormal histopathological morphology
was observed in the visceral tissues (Fig. S4), indicating that neither the
hydrogel material nor the inhibitor caused any systemic toxicity or
damage.

4. Discussion

The efficacy of printed constructs is associated with different factors
determined by their bioinks, including biocompatibility, biodegrad-
ability, bioprintability, and mechanical integrity [2]. The incorporation
of nanomaterials into hydrogels improves the mechanical strength of
polymer networks; thus, composite hydrogels exhibit excellent me-
chanical properties with superior biological properties [20]. Laponite
plays an important role in three-dimensional (3D) printing. The appli-
cation of laponite in 3D printing has been attributed to its unique prop-
erties. Laponite can be used to enhance the mechanical capacity of
hydrogels when incorporated into bioinks [12,21]. In addition, laponite
can strengthen cell adhesion in hydrogels [1] and promote the trans-
formation of cells toward osteoblastic differentiation [11].

The broad diffraction peak of gelatin at 12�–33� can reflect moderate
crystallinity (Fig. 1c). In the biocomposite, the representative peak of
alginate at 2 theta 13� was missing, which might be due to the cross-
linking of alginate with calcium ions that formed a more regular struc-
ture [22]. In addition, the diffraction peaks at 2 theta 35� and 61� in the
biocomposite were reduced relative to those of laponite, which might
have been caused by the charge absorption of laponite [23]. Thus, the
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biocomposite formed a stable regular structure. A relatively broad ab-
sorption peak was observed near 3452 cm�1 in the infrared spectrum of
laponite and the biocomposite (Fig. 1d) due to the –OH stretching vi-
bration and the peak of hydroxyl hydrogen bonds between crystal layers.
It also exhibited a bending vibration absorption peak of the adsorbed
water molecule –OH at 1640 cm�1 and a stretching vibration absorption
peak of the Si–O bond in the lattice at 1013 cm�1. The characteristic
absorption peaks of laponite appeared in the composite, indicating that
laponite still existed in the layered crystal structure of the composite after
bioprinting, and functioned in the form of nanosheets.

Shear-thinning hydrogels, such as gelatin and alginate, have many
advantages in 3D bioprinting compared to other biomaterials. Owing to
their rheological properties, such as the Herschel-Bulkley flow and stress-
relaxation behaviors, making hydrogel materials injectable through a
needle [10]. The main limitations of these hydrogels for bone repair are
their low structural reliability and precision. Moreover, the bio-ink used
for 3D printing is highly hydrophilic with a high swelling rate, which can
cause deformation of the printed structure, significant reduction in res-
olution, and mechanical hysteresis [24,25]. For example, structures with
an elastic and conductive 3D printed ionic composite hydrogel easily
deform owing to their high swelling ratios of up to 3500% [26]. In
contrast, the swelling ratio of the BMSC-laponite hydrogel in the present
study was less than 1100%, which was attributed to the introduction of
laponite.

The addition of laponite to the hydrogels significantly improved their
mechanical properties, including tensile strength, elasticity modulus, and
dynamic behaviors (such as viscoelasticity) [10,27]. The findings of a
previous study showed that the compressive modulus of hydrogels con-
taining 2% laponite (101.41 � 3.11 kPa) exhibited approximately
2.2-fold increase compared with that of hydrogels without laponite
(46.98 � 1.54 kPa) [12]. Composite hydrogels can be molded into
free-standing objects with persistent shapes owing to their extremely
high mechanical strength at room temperature (24 �C) and the strong
electrostatic interactions of laponite [28]. The hydrogels may become
milder for laden cells to smoothly pass through the printing needle at
higher temperatures (30 �C).

The mechanical strength of 3D hydrogel constructs plays an impor-
tant role in maintaining stereoscopic structures and regulating cellular
activities. However, studies have not explored whether the density of
laden cells can inhibit the cross-linking of molecules and decrease their
mechanical properties. The mechanical strength of the hydrogel con-
structs with the highest cell density (108/mL) was significantly lower
than that of hydrogels with lower or no cell densities. The mechanical
strength of the composite hydrogel was mainly maintained by the in-
ternal laponite and sodium alginate cross-linked with calcium ions. The
diameter of cells is about 15 μm [29], so the average distance between
cells at a density of 108/mL is less than 20 μm, and the distance will be
smaller as the cells proliferate. Excessive cell density and the small dis-
tance between cells inside the hydrogel may inhibit the cross-linking and
the electrostatic adsorption partly, thus reducing the overall mechanical
strength. The reduction in cell density (below 107/mL) provided suffi-
cient space for the cross-linking; therefore, the mechanical strength of the
hydrogel structures did not decrease significantly.

The addition of laponite increased the structural stability and me-
chanical properties of the hydrogel constructs, and enhanced the adhe-
sion, spreading, and proliferation of cells inside the hydrogels [24].
Experiments using mouse pre-osteoblast cells showed good adhesion,
spreading, and proliferation effects attributed to the formation of a
laponite composite [30], which is consistent with the results of the pre-
sent study. Some effects were attributed to differences in cell density.
Cells at all the investigated densities exhibited higher proliferative ac-
tivity in the 3D hydrogel construct on day 14 of culture. The proliferation
rates in the T5 and T6 groups were significantly lower than those in the
T7 and T8 groups were. Notably, the number of dead cells gradually
increased with the number of live cells. The number of viable cells in T8
was less than 90% on day 3 and less than 85% on day 14, whereas the



Fig. 7. Laponite activates PI3K/AKT signal transduction pathway-related proteins (p-PI3K, p-AKT) of BMSCs in hydrogel scaffolds to promote osteogenic differen-
tiation in vitro. Expression levels of target proteins as determined by western blotting (a) and phosphorylation levels of PI3K, AKT and mTOR proteins were signif-
icantly higher in Hyd_Lap group (b) compared with Blank and Hyd groups. αp<0.05 vs Blank; βp<0.05 vs Hyd. (c, d) Expression levels of Runx2 and Col 1α in Hyd_Lap
group, Blank and Hyd groups. Protein levels of Runx2 and Col 1α were significantly suppressed in Hyd_Lap þ LY294002 group after treatment with LY294002.
αp<0.05 vs Blank; βp<0.05 vs Hyd; γp<0.05 vs Hyd_Lap. (e, f) Mineralization nodules were higher in Hyd_Lap than in Hyd group, and treatment of LY294002 reduced
mineralization nodules. Scale bars: black 200 μm; red 100 μm αp<0.05 vs Hyd; βp<0.05 vs Hyd_Lap. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 8. Bone repair effects of biological hydrogel scaffolds containing laponite using cranial defect rat models 8 weeks after implantation as determined by Micro-CT
analysis and Van Gieson staining. (a) Micro-CT 3D reconstruction of new bone formation (yellow color indicates new bone). (b) New bone volume/tissue volume (BV/
TV) ratio, (c) Trabecular bone thickness (TbTh) and (d) the number of trabecular bone (TbN) of the skull defect area in each group. αp<0.05 vs Blank; βp<0.05 vs Hyd;
γp<0.05 vs Hyd_Lap. (e) Histological analysis of tissues by VG staining. NB: new bone. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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survival rates of the other three groups were >90% over 14 days. As we
know, in the process of culture, as the cells proliferate, the number of
cells increases, and the gap between them decreases. Both the supply of
nutrients and discharge of metabolic waste are hindered, which affects
14
cell survival [31]. By the 14th day of culture, the corresponding limiting
factors were more obvious and the number of dead cells increased,
resulting in a lower survival rate. This indicates that this 3D hydrogel
construct cannot provide sufficient oxygen and nutrients for cells at high
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densities, and 107/mL was the optimal cell density for bioprinting.
Gaharwar et al. reported that laponite can promote in vitro osteogenic

differentiation of human mesenchymal stem cells (hMSCs) without the
addition of osteoinductive factors such as bonemorphogenetic proteins-2
(BMP-2) or dexamethasone [11]. Okesola et al. integrated hyaluronic
acid, peptide amphiphiles, and laponite into a bioactive hydrogel, and
their findings showed that the composite stimulated osteoblastic differ-
entiation without the addition of exogenous growth factors [32]. A set of
events followed the classical temporal pattern of osteogenic differentia-
tion, including marker-enhanced ALP activity, Runx2 transcript upre-
gulation, bone-related matrix protein deposition (osteocalcin and
osteopontin), and matrix mineralization [24]. Although previous results
from in vitro studies indicated that laponite promotes osteogenic differ-
entiation in a dose-dependent manner [33], laponite-induced ectopic
osteogenesis has not been fully evaluated. In the current study, 3D bio-
printed laponite hydrogel constructs with different BMSC densities were
implanted into an SD rat posterior gluteal muscle pouch model and their
ectopic osteogenic abilities were explored. The Laponite hydrogel alone
did not promote bone formation and was infiltrated by fibrous tissue, an
expected result in the rat ectopic muscle pouch model [34]. On the
contrary, the addition of BMSCs to the scaffold induced ectopic bone
formation, as shown by X-ray, EDS analysis, micro-CT examination, and
histomorphological analysis. Therefore, mineralization and bone for-
mation in this composite hydrogel are associated with the presence of
BMSCs. A higher type I/III collagen ratio, as well as regular patterns of
collagen in the bone layers, were observed by Sirius red staining. Type I
collagen is the major protein component of the bone extracellular matrix,
and collagen fiber orientation majorly contributes to the maturation and
strength of newly formed bone tissues [35].

The density of cell-composite biomaterials is vital for bone-tissue
engineering. Therefore, it is important to explore the effect of the
BMSC density in hydrogel scaffolds containing laponite on osteogenic
differentiation. The high cell density (in the T5, T6, and T7 groups) in the
bioprinted constructs was associated with the stronger bone-promoting
effect of laponite. However, the bone-promoting effects decreased
when the cell density reached 108/mL, which can be attributed to the
ratio of cells to laponite [36]. The same amount of Laponite was used in
all composites, as identical volumes of the hydrogel construct were used.
The amount of laponite degradation products taken up by a single cell
decreased with increasing cell density, thus reducing the osteogenic
effect.

The degradation products of laponite, such as Mgþ, Liþ, and silicic
acid, can induce osteogenic differentiation of mesenchymal stem cells
and promote bone formation by stimulating the Wnt/β-catenin signaling
pathway [13]. Thus, in our study, the osteogenic function of laponite may
be mostly attributed to the synergistic effect of various ions. The differ-
ences in the expression of BMSC genes in the hydrogel constructs under
the action of laponite were explored using transcriptomic analysis. These
findings showed that the differentially expressed genes were mainly
enriched in the PI3K/AKT pathway. Previous studies have reported that
activation of the PI3K/AKT signaling pathway promotes bone formation
[37].

PI3K/AKT is involved in the regulation of several cellular processes
including cell division, autophagy, survival, and differentiation. More
than 150 proteins have been identified as mediators of PI3K/AKT
pathway [38,39]. PI3K/AKT/mTOR signaling pathway is essential for
normal metabolism in joint tissues and is involved in bone degeneration
[40]. Lin et al. reported that the PI3K/AKT pathway is activated during
subchondral ossification in osteoarthritis, and ossification is significantly
suppressed after treatment with an inhibitor of this pathway [41].
Moreover, our findings showed that the activation of PI3K/AKT promotes
bone formation.

The role of the PI3K/AKT pathway in regulating bone formation was
explored in vivo and in vitro. As shown in the results, bone formation was
reduced after pathway inhibition, which could be used as a new strategy
to promote the osteogenesis of biomaterials. However, the PI3K inhibitor
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did not completely abrogate the osteogenic effects of laponite, implying
that the osteogenic effect of laponite is not entirely attributed to the
modulation of the PI3K/AKT pathway. Other signaling pathways, such as
Wnt/β-catenin, also play important roles [13].

Although it has been confirmed that the laponite hydrogel can pro-
mote osteogenic differentiation of BMSCs through the PI3K/AKT
pathway as well as enhance extracellular matrix formation and miner-
alization, the specific target has not been fully elucidated. Further studies
should conduct in-depth investigations of the specific mechanisms to
establish interconnections between pathways.

5. Conclusion

This study presents a new strategy for the development of a 3D
printed laponite bioink loaded with BMSCs to induce bone regeneration.
The related osteogenesis mechanisms were comprehensively explored.
The bioink protected the encapsulated cells from shear stress during
bioprinting and promoted cell growth and cell spreading. Furthermore,
the 3D bioprinted construct promoted the transformation of BMSCs to-
wards osteoblastic differentiation and induced ectopic bone formation
without the addition of exogenous bone growth factors. BMSCs at a
density of 107/mL in the bio-printed construct exhibited the highest
osteogenic ability. The inherent osteogenic properties of the laponite
hydrogel were exhibited through the activation of the PI3K/AKT
signaling pathway and suppressed by a PI3K inhibitor. The 3D bioprinted
construct effectively repaired bone defects by delivering BMSCs, as
shown in the rat model, verifying the in vivo role of the PI3K/AKT
signaling pathway. These findings indicate that the 3D bioprinted
laponite hydrogel construct can be used as a substitute for conventional
grafting in the reconstruction of bone defects.
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