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Biomimetic materials with complicated structures inspired by natural plants play a critical role in tissue
engineering. The succulent plants, with complicated morphologies, show tenacious vitality in extreme
conditions due to the physiological functions endowed by their unique anatomical structures. Herein,
inspired by the macroscopic structure of succulent plants, succulent plant-like bioceramic scaffolds
were fabricated via digital laser processing 3D printing of MgSiOz. Compared with conventional scaffolds
with interlaced columns, the structures could prevent cells from leaking from the scaffolds and enhance
cell adhesion. The scaffold morphology could be well regulated by changing leaf sizes, shapes, and
interlacing methods. The succulent plant-like scaffolds show excellent properties for cell loading as well
as cell distribution, promoting cellular interplay, and further enhancing the osteogenic differentiation of
bone marrow stem cells. The in vivo study further illustrated that the succulent plant-like scaffolds could
accelerate bone regeneration by inducing the formation of new bone tissues. The study suggests that
the obtained succulent plant-like scaffold featuring the plant macroscopic structure is a promising

Received 27th September 2022,
Accepted 23rd January 2023

DOI: 10.1039/d2tb02056d
biomaterial for regulating cell distribution, enhancing cellular interactions, and further improving bone
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10th Anniversary Statement

Supported by the Shanghai Institute of Ceramics, Chinese Academy of Sciences, our team has been committed to the research of inorganic non-metal
biomaterials, focusing on the applications of various biomaterials such as 3D printed composite materials, multi-scale hierarchical materials, biomimetic
materials, etc. Consistent with the scope of the honored journal of Materials Chemistry B (JMCB), we have done series of research on material fabrication and
applications in tissue regeneration, tumor treatment, drug delivery, etc. Over the past ten years, we have had close cooperation with JMCB and published over
10 papers, involving bioactive materials, biomimetic materials, regenerative medicine and 3D-printed scaffolds. Therefore, it is my great honor to win the
Journal of Materials Chemistry Lectureship award in 2015, and outstanding reviewer for JMCB. We wish that the JMCB will continually enhance its global
impact in the field of biomaterials. We will continue our efforts in the fabrication of advanced biomaterials and the research of biological properties to create
more impressive scientific achievements together with this honored journal.

1 Introduction

Over millions of years, different plants have evolved sophisti-
cated structures with corresponding functions for survival.
Inspired by the sophisticated structures of different plants from
the nanoscale to microscale, various biomimetic materials have
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been developed with hydrophilicity, high adhesion ability, or high
compressive strength, which have been applied in many fields
such as architecture, mechanics, and medicine. For example, the
parallel channels of the lotus could accelerate air ventilation
and nutrient exchange, which could be applied in bone tissue
engineering scaffolds for cell delivery and osteogenesis." The
organized pericarp is composed of a multi-layered and multiscale
structure, and the disordered mesocarp endows coconuts with
crashworthiness, providing a plant-inspired template for the
design of functionally graded composite materials.> The asym-
metric wedge-shaped grooves of nepenthes could prevent fluid
backflow to keep the moisture in the peristome organ, which
could be applied in the drug delivery system.’
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Succulent plants are a type of terrestrial plant with various
florae, which have unique anatomical structures and physio-
logical functions for supporting life in extreme conditions.
Succulent plants are classified into all-cell succulents and
storage succulents. The former depicts the condition where
the botanical cells could simultaneously store water and per-
form photosynthesis. While the latter represents the species
that possess divided photosynthetic tissues and water storage
tissues.®” The all-cell succulents tend to have a large non-
spheroid leaf to hold more water for photosynthesis and a
low surface area-to-volume ratio (SA:V) to reduce transpiration.*
In tissue engineering, an overall flat leaf structure with a large
area could load more cells on scaffolds, and sustain more
bioactive regulators produced via paracrine action, leading to
more cellular interactions.® Moreover, a low SA:V could reduce
the cell movement before cells adhere to the scaffolds, and thus
reduce energy consumption.” In contrast, the storage succulents
usually have a nearly spheroid leaf, which could avoid extra
transpiration due to the small specific surface area of globular
shapes.? This structure could be potentially applied in scaffold
design to improve the spread of cells and stimulate the elongation
of cells.

Diverse succulent plants differ in stem morphology, size,
leaf shape, leaf size, and leaf thickness, leading to different
capabilities of photosynthesis, water storage, and nutrient
transportation. A large leaf could hold more water due to its
high surface area. A thick leaf could maintain the temperature
and reduce water evaporation under harsh environments. The
unique stomatal and interlaced leaf structures also increase
nutrition collection and storage. Moreover, interleaf distance
also imposes a limitation on water transportation in different
succulent plants.® Similarly, tissue engineering scaffolds require
some favorable structural traits to support the regeneration
process, such as enough mechanical strength, proper degradation
profile, the release of bioactive components, and efficient nutri-
tion transportation. The large leaf structure could provide enough
space for cell adhesion and ECM deposition. The thick leaf
structures could strengthen the mechanical properties. The inter-
laced structure could accelerate nutrition exchange and improve
cellular interaction. As a result, suitable succulent plants have the
ideal structure with high surface area, nutrition storage capacity,
and an extended root system,” which could be potentially applied
in bone tissue engineering for enhancing cell loading, cell
adhesion, and intercellular crosstalk.

Previous studies have illustrated biomimetic structures
inspired by the macroscopic structures of plants or animals
in nature for biological application. For example, the structures
of fish scales, lobster claws, antler bones, abalone nacre, and
silica sponges are mimicked for enhancing the toughness of
materials."”"" Bioinspired structures mimicking pine cones'>
and Bauhinia pods' have been constructed to imitate the
shape-changing properties in nature. The macroscopic structure
of the conch has been mimicked to fabricate scaffolds for guiding
cell migration and bone growth."* Moreover, the structures of the
human glomerulus, bone, and spinal cord have also inspired
researchers to construct scaffolds with more functions.™”
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The implantation of bone tissue engineering scaffolds could
enhance the repair of bone defects and it is an ingenious method
for imitating the gross structure of succulent plants to fabricate a
bone tissue engineering scaffold. Currently, the digital light proces-
sing (DLP) 3D printing technique, with the distinct advantages of
high resolution, customization, easy modeling process, wide appli-
cation, and acceptable cost, has been widely used to construct tissue
engineering scaffolds with customized macroscopic structures.

In addition to the osteogenic effect of specialized structures,
the material itself should possess the properties of good biocom-
patibility, osteoinduction, osteointegration, and osteogenesis.
Magnesium silicate (MgSiO;) bioceramics with the effects of
enzymatic activation, immune modulation, enhancing cell proli-
feration, and improving osteogenesis,'® > could be applied as a
bone substitute. Mg, as part of Mg-ATP>", is essential for sustain-
ing protein synthesis, DNA duplication, and cytoskeleton re-
arrangement. Mg can also improve cell proliferation by accelerat-
ing mitotic spindle formation and cytokinesis.>*** In addition,
Mg could regulate enzyme activity by modulating the core of
metabolisms such as the Krebs cycle and the respiratory chain.**
However, Mg deficiency may generate metabolic and energetic
stress and lead to the accumulation of free radicals, which could
upregulate stress proteins and the NF-kB pathway, thus activating
inflammatory reactions.”> Mg”* ions could also improve osteo-
genesis by stimulating osteoblast differentiation and inhibiting
osteoclast formation in a dose-dependent manner.***” Silicon is
an essential element for normal development and primarily exists
in the bone-growing area, especially in osteoblasts. Silicate
enhances bone growth by increasing bone water content with
mineral deposition and improves cartilage formation by elevating
the hexosamine and collagen content. Moreover, silicon and
magnesium are contained in natural bone. Hence, MgSiO; is an
appropriate material for the fabrication of bone scaffolds.*®

In this study, inspired by the morphologies of succulent plants,
succulent plant-like scaffolds with high-precision and sophisti-
cated succulent plant-like structures were successfully fabricated
with the DLP 3D printing technique. We systematically explored
the effects of the overall shape, specific surface area, leaf shape,
size, and interlacing method on bone regeneration. By regulating
these parameters, the aim is to compare the capacity for cell
recruitment, cell loading, cell proliferation, and osteogenic poten-
tials of scaffolds with different structures. Notably, the obtained
scaffolds could regulate cell distribution and cell density, and
improve osteogenic effects compared with conventional layered
3D-printed scaffolds with vertical interlaced structures both
in vitro and in vivo. Therefore, we provide the concept of a
macro-appearance-imitating strategy and a feasible method for
constructing biomimetic succulent plant-like scaffolds via DLP 3D
printing for application in bone tissue engineering.

2 Experimental section
2.1 Design of the scaffolds

To design the scaffolds mimicking different succulent plants,
3ds Max (Autodesk) was applied to fabricate digital models and
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then obtain the stereolithography (STL) files for the subsequent
3D printing. In detail, six types of succulent plants with
different structures were chosen as the experimental groups,
including Graptopetalum pachyphyllum, Maguey chato agave,
Aeonium canariense, Astroloba, Sedum morganianum, and
Echeveria jasiri by varying the size, shape, and interlacing
method of leaves with stems. According to the six types
of plants, the succulent plant-like scaffolds with spindle,
pentagon, rose, triangle, ellipsoid, and sword leaf shapes were
constructed.

The specific surface areas of all succulent plant-like models
were obtained according to the automatically generated statis-
tics by 3ds Max software. In addition, conventional scaffolds
composed of vertical interlaced columns were chosen as the
control group. The STL files of designed models were then
imported into 10DIM (Beijing Ten Dimensions Technology Co.
Ltd, China) software and then the TDP files were exported for
the next DLP 3D printing process.

2.2 Fabrication of the scaffolds

The MgSiO; powders and bioactive glasses were provided by
Kunshan Chinese Technology New Materials Co. Ltd (Kunshan,
Jiangsu, China). Here, 57 g of MgSiO; powders and 3 g of 45S5
bioactive glass powders were mixed with 40 g of photosensitive
resin (WANHAO Co. Ltd, Jinhua, Zhejiang, China) and
ball milled (Nanjing NanDa Instrument Plant) to obtain the
precursor slurry for the next DLP printing.

The succulent plant-like scaffolds were prepared by a DLP-
based 3D printer (AUTOCERA-M, Beijing Ten Dimensions
Technology Co. Ltd, China). In detail, 50 mL of the precursor
slurry was added to the resin tank and then polymerized layer
by layer. Afterwards, the samples were further cross-linked
using 405 nm light. After finishing the printing process, the
samples were washed in an ultrasonic washer with alcohol for
60 s to remove the residual resin. The scaffolds were dried
overnight in a drying oven at 60 °C. The green body of the
scaffold was then sintered at a set program to remove the
solidified resin. The scaffolds were heated to 300 °C for 2 h at
a heating rate of 2 °C min~" and then heated to 650 °C for 2 h at
a heating rate of 1 °C min'. Finally, the scaffolds were heated
to 1360 °C for 4 h at a heating rate of 2 °C min ' and cooled to
room temperature naturally to obtain the bioceramic scaffolds.

2.3 Material characterization

The 3D images of sintered bioceramic succulent plant-like
scaffolds were reconstructed by micro-CT (SKYSCAN1172,
Bruker, Germany). The microstructure of the sintered scaffolds
was characterized by a scanning electron microscope (S-4800,
Hitachi, Japan).

2.4 Degradation and mechanical properties of the scaffolds

The scaffolds were soaked in Tris-HCI solution (pH 7.40) at
37 °C to evaluate the degradation profile. The ratio of the
solution volume to the scaffold mass was 200 mL g~ '. At set
times of 1, 3, 7, 10, 14, 21, and 28 days, the scaffolds were taken
off and dried at 60 °C overnight and the residual weight was
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measured. Moreover, the immersion solutions were refreshed
and collected at each set time point. The concentrations of Mg
and Si ions were measured with an inductively coupled plasma
optical emission spectrometer (ICP, Varian 715-ES). The com-
pressive strength of the succulent plant-like scaffolds and
conventional scaffolds was measured by a universal testing
machine (INSTRON-1195, INSTRON, American).

2.5 Cell culture

BMSCs were isolated from the tibia and femurs of rabbits
(three weeks old) and cultured in Dulbecco’s Modified Eagle’s
Medium low-glucose (DMEM) (Thermo Fisher Scientific, Grand
Island, America) containing 10% fetal calf serum (Invitrogen)
and 100 U mL™" penicillin-streptomycin (Thermo Fisher
Scientific), at 37 °C with 5% CO,.

2.6 Cell viability

CCK-8 assay was performed to investigate BMSCs proliferation
and viability. Briefly, 600 pL of BMSCs suspension (3 x
10* cells mL ") were seeded on each scaffold in 24-well plates
and cultured for 1, 4, and 7 days. The medium was refreshed
every 2 days. At each set time point, each scaffold was moved to
a new 24-well plate and rinsed 3 times with PBS. The culture
medium was then replaced by a culture medium with CCK-8
solution (CCK-8, Dojindo, Japan). After incubation for 1 h, the
absorbance of the CCK-8 medium was measured at 450 nm
wavelength in a microplate reader (SpectraFluor Plus, Tecan,
Crailsheim, Germany).

2.7 Cell attachment

To evaluate the cell attachment and morphology on the scaf-
folds, 600 uL of BMSCs suspension (1 x 10° cells mL™") were
seeded on each scaffold in a 24-well culture plate and cultured
for 1, 4, and 7 days. After incubation for the set time, the
scaffolds were transferred into a new 24-well culture plate and
rinsed 3 times with phosphate-buffered saline (PBS) to remove
the residual culture medium and the nonadherent cells. The
cells were then fixed with a 4% paraformaldehyde solution for
2 h and stained with 4,6-diamino-2-phenyl indole (DAPI)
and rhodamine phalloidin. The cytoskeleton was stained with
phalloidin (green), and the nuclei of cells were stained with
DAPI (blue). The confocal images were obtained by a confocal
laser scanning microscope (Leica TCS SP8, Germany).

2.8 ALP assay

To investigate the osteogenesis-related enzymatic activity,
after 7 and 14 days of incubation with different scaffolds, the
Alkaline Phosphatase Assay Kit (Beyotime, China) was used
to investigate the activity of alkaline phosphatase of BMSCs
according to the manufacturer’s instructions. Moreover,
BMSCs were co-cultured with different scaffolds for 7 days in
an osteogenic medium. The medium was changed every other
day. The ALP activity was assessed subsequently with the
BCIP/NBT Alkaline Phosphatase (ALP) Color Development Kit
(Beyotime, China).

J. Mater. Chem. B, 2023, 11, 5523-5536 | 5525


https://doi.org/10.1039/d2tb02056d

Published on 13 February 2023. Downloaded on 3/21/2026 12:24:17 PM.

Paper

2.9 Gene expression

To evaluate the expression of osteogenesis-related genes,
600 uL of BMSCs suspension (5 x 10* cells mL™") were seeded
on each scaffold in a 24-well culture plate and cultured for 4, 7,
and 14 days with osteogenic differentiation medium (DMEM
supplemented with 10 x 10> M B-glycerol phosphate, 0.2 x
10> M ascorbic acid, and 10% fetal bovine serum). The
medium was refreshed every 3 days. After incubation for 4, 7,
and 14 days, the RNA was extracted using Trizol Reagent
(Invitrogen, USA). Complementary DNA (cDNA) was prepared
using the PrimeScript 1st Strand cDNA synthesis kit (TOYOBO,
Japan). RT-PCR was performed with the SYBR Green QPCR
Master Mix (TaKaRa, Japan). The gene expression in BMSCs
was evaluated and the primers used in this experiment are
summarized in Table 1. GAPDH was used as the house-
keeping gene.

2.10 In vivo bioactivity of the scaffolds

All animal experiments were approved by the Nanjing Medical
University Ethics Committee and implemented according to the
guidelines for animal studies (Approval number DW201902). New
Zealand white rabbits (2.0-2.5 kg) were chosen and classified into
4 groups (Blank, Control, Rose, and Ellipsoid). The scaffolds
(diameter = 6 mm, depth = 5 mm) were implanted into the round
defects (diameter = 6 mm, depth = 5 mm) and drilled into lateral
femoral condyles. All rabbits were treated with antibiotics for
three days after the surgery. All rabbits were sacrificed and the
samples were harvested 8 weeks after the operation.

2.11 Micro-CT

CT images of all samples were acquired via a Micro-CT scanner
(SKYSCAN1172, Bruker, Germany). The resolution was set as
9 pm. A cylindrical region of interest (ROI, diameter: 6 mm,
height: 5 mm) was chosen according to the CT data.

2.12 Histological staining

The samples were dehydrated and embedded in methyl metha-
crylate (PMMA). The undecalcified samples were sectioned
into slices of 500 pm with a microtome (Leica, Nusseloch,
Germany), and then the slices were stained with Van Gieson’s
picrofuchsin dye to show new bone.

Table 1 Primer sequences of genes used for quantitative real-time PCR

Genes 5'-3' Primers

GAPDH Forward TCACCATCTTCCAGGAGCGA
Reverse CACAATGCCGAAGTGGTCGT

ALP Forward TGTCTGGAACCGCACTGAACTC
Reverse CGTGGTCAATCCTGCCTCCTTC

BMP-2 Forward CGCCTCAAATCCAGCTGTAAG
Reverse GGGCCACAATCCAGTCGTT

COL-1 Forward CTTCTGGCCCTGCTGGAAAGGATG
Reverse CCCGGATACAGGTTTCGCCAGTAG

OCN Forward CGTGGTCAATCCTGCCTCCTTC
Reverse AGGCGGTCTTCAAGCCATACT

RUNX2 Forward TCAGGCATGTCCCTCGGTAT
Reverse TGGCAGGTAGGTATGGTAGTG
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2.13 Statistical analysis

All data are displayed as the mean + standard deviation. The
statistical analysis was performed using Graphpad Prism soft-
ware. The data were analyzed with ttests for comparison
between two groups, and one-way ANOVA for more than two
groups (*P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001).

3 Results

3.1 Design and fabrication of the succulent plant-like
scaffolds

To imitate the structures of succulent plants for the application
of bone tissue engineering, we successfully designed the bio-
mimetic models by imitating the macro-appearance of six types
of different succulent plants (spindle shape from Grapto-
petalum pachyphyllum, pentagon shape from Maguey chato
agave, rose shape from Aeonium canariense, triangle shape
from Astroloba, ellipsoid shape from Sedum burrito, and sword
shape from Echeveria Jasiri) to further investigate the osteo-
genic potentials (Fig. 1). Conventional scaffolds with vertical
interlaced columns were prepared as the control group.

These scaffolds were successfully fabricated via DLP 3D
printing and MgSiO; bioceramic was selected as the compo-
nent of the scaffolds owing to its great biocompatibility and
osteoinductivity. A column on the round base was constructed
as the stem of the plants to connect the peripheral leaves.
Leaves in different groups were endowed with different shapes,
sizes, thicknesses, leaf areas, and curvatures according to the
simplified appearances of the corresponding succulent plants.

Specifically, the Graptopetalum pachyphyllum rose is a
succulent, branched at the base, with sprawling leaves like
spindles; 3 layers of spindle-shaped leaves attached to the stem
were stacked and rotated at 30 degrees between each layer to
form the scaffold (Fig. 1A). The Maguey chato agave is a tightly
formed agave with slender tepals and longer leaves than the
stem. The pentagon scaffold consists of pentagon-shaped
leaves like the tepals of the Maguey chato agave (Fig. 1B). The
Aeonium canariense is a succulent plant with spoon-shaped
leaves and smooth margins. In extreme heat, their leaves can
curl to prevent excessive water loss. The rose scaffold consists
of smooth spoon-shaped leaves and the interlacement space of
leaves can improve nutrition storage (Fig. 1C). Astroloba has
regular, sharp, triangular leaves along the symmetrical colum-
nar stems. The triangle scaffold is composed of triangular
leaves with a little stamen on the columnar stem (Fig. 1D).
Sedum burrito is a succulent plant with a short stem packed
with rounded leaves and this characteristic endows the plant
with a small specific surface area to reduce water evaporation.
Imitating the succulent, the ellipsoid scaffold consists of
spherical leaves with high curvature (Fig. 1E). Echeveria jasiri
grows in the shape of a solitary rosette with elongated and flat
leaves. The sword-shaped scaffold consists of elongated, flat,
and narrow leaves like swords (Fig. 1F). The lateral leaves are in
a relatively higher position than the medial part, which could
improve cell recruitment and nutrition storage.

This journal is © The Royal Society of Chemistry 2023
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Graptopetalum  Maguey Aeonium Aswroloba Sedum Echeveria
pachyphyllum chato agave canariense morganianum jasiri
Spindle Pentagon Rose Triangle Ellipsoid Sword

Fig. 1 Model design of biomimetic scaffolds inspired by the corresponding succulent plants. (A) The vertical and front view of spindle-shaped scaffolds
designed according to the Graptopetalum pachyphyllum rose. (B) The pentagon-shaped scaffolds according to the Maguey chato agave. (C) The rose-
shaped scaffolds according to the Aeonium canariense. (D) The triangle-shaped scaffolds according to the Astroloba. (E) The ellipsoid-shaped scaffolds

according to the Sedum burrito. (F) The sword-shaped scaffolds according to the Echeveria Jasiri.

3.2 Characterization of the succulent plant-like scaffolds

Macroscopic images (Fig. 2B) and micro-CT images (Fig. 2C and
D) show that the sintered structure was consistent with the
designed model (Fig. 2A). The leaf shapes, sizes, and densities
were preserved as designed. Moreover, there were no extra resin
or ceramic powders left on the scaffolds. After the sintering
process, the bottoms of the scaffolds were shrunken and bent
but the stem and leaves of the succulent plant-like scaffolds
maintained the designed structures. In addition, considerable
space remained between different layers, which could be used
for nutrition diffusion and cell distribution.
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SEM images showed that the microstructures of the scaf-
folds were also consistent with the designed structure. In the
central part, leaves intersected at the stem. Compared to the
conventional scaffold, succulent plant-like scaffolds possessed
declivate leaves with a higher outer margin than the inner part
(Fig. 3A-G). However, some little cracks occurred at the inter-
section of leaves in the spindle group (Fig. 3B), which might be
due to the sintering shrinkage caused by high temperature.
Moreover, in the ellipsoid group, cracks could be observed
both at the intersection and on the surface of the leaves
(Fig. 3F and M). The ellipsoid leaves possessed large curvatures,

N B

Control Splndle Pentagon Rose Triangle E“IpSOId

Fig. 2 Designed models and sintered succulent plant-like scaffolds. (A) Digital models applied in the 3D printing process. (B) Optical microscope images
of sintered succulent plant-like scaffolds. (C) The vertical views of the CT image reconstruction show that the structures of succulent plant-like scaffolds

are consistent with the designed models. Scale bar, 1 mm. (D) The side views of the CT image reconstruction present the peripheral structures of
scaffolds. Scale bar, 1 mm.
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Ellipsoid

Fig. 3 SEM images of succulent plant-like biomimetic scaffolds. (A—G) The interlaced or central part of the scaffolds. Scale bar, 1 mm. (H-N) The
marginal structures or leaves of the scaffolds. Scale bar, 1 mm. (O-U) The microstructure of the sintered scaffolds. Scale bar, 5 pm.

leading to more shrinkage during the sintering process than
other scaffolds.

The images also show the characteristic step stripes of DLP
printing (Fig. 3H-N). The dense microstructure showed well-
distributed micropores and tight crystalline grain connections,
which could provide stable mechanical support to load cells
(Fig. 30-U).

3.3 Degradation and mechanical profile of the scaffolds

To investigate the stability and release of ions from the scaf-
folds, the degradation profile was tested. All scaffolds pre-
sented a sustained release of Mg ions and Si ions (Fig. 4A
and B). As compared to the experimental groups, the control
group showed a faster release of Si and a faster degradation
performance (Fig. 4B and C). All groups showed sustained
weight loss during the Tris-HCI soaking process. After 28 days,
most succulent plant-like scaffolds showed a low degradation
rate (less than 5%) while the control group and spindle group
showed more than 5% degradation. Fig. S1 (ESIt) shows the
compressive strength of scaffolds with different macroscopic
structures. The results show that the coverage compressive
strength of the control group (3.56 + 0.58 MPa) was higher
than that of succulent plant-like bioceramic scaffolds (spindle
0.84 + 0.11 MPa, pentagon 0.59 + 0.07 MPa, rose 0.60 =+
0.09 MPa, triangle 0.60 + 0.04 MPa, ellipsoid 1.08 £ 0.25 MPa,

and sword 0.68 = 0.04 MPa). There was no significant difference
among succulent plant-like biomimetic scaffolds with different
structures.

The spindle-like scaffolds broke into pieces on day 14,
illustrating that the spindle-like structure exhibited insufficient
stability. The sword-shaped scaffold, with a complicated and
thin leaf structure, showed weak mechanical strength due to
its brittleness after sintering and broke into pieces at an early
stage when soaked in Tris-HCIl, so this group was ruled out
from the degradation profile test.

The spindle-like scaffolds broke into pieces on day 14,
illustrating that the spindle-like structure exhibited insufficient
stability. The sword-shaped scaffold, with a complicated and
thin leaf structure, showed weak mechanical strength due to its
brittleness after sintering and broke into pieces at an early
stage when soaked in Tris-HCl, so this group was ruled out
from the degradation profile test.

3.4 Cell adhesion and proliferation of BMSCs in the succulent
plant-like scaffolds

The attachment ability and the morphology of BMSCs on
scaffolds were investigated via confocal laser scanning micro-
scopy after 1, 4, and 7 days of incubation. As shown in Fig. 5, all
groups could well support cell adhesion. On day 1, the density
of cells on the scaffold was moderate and the pseudopodia
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Soaking Time (Day) Soaking Time (Day)

Fig. 4 Degradation profile and the weight loss of the succulent plant-like biomimetic scaffolds. (A) The accumulative release amount of Mg ions from
the scaffolds in Tris—HCL solution at different time points. (B) The accumulative release amount of Si ions from the scaffolds in Tris—HCl solution at
different time points. (C) The weight loss of the succulent plant-like biomimetic scaffolds and control scaffolds after soaking in Tris—HCl solution for
different periods (n = 3).
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Fig. 5 Morphology and proliferation of BMSCs cultured in the scaffolds. (A—G) CLSM images of BMSCs adhered to the leaves of different scaffolds after
1 day of incubation. (H-N) after 4 days of incubation. (O-U) after 7 days of incubation. Scale bar, 100 pm.

adhering to the surface could be observed (Fig. 5A-G). Moreover,
in the early stages of cell adhesion, the morphologies of cells in
each group were different. For example, the pseudopodia of
BMSCs in the spindle (Fig. 5B) and ellipsoid groups (Fig. 5F) were
more elongated longer than in other groups, especially the rose
group where the cells showed short and contracted pseudopodia
(Fig. 5D). On day 4 (Fig. 5H-N) and day 7 (Fig. 50-U), the cells
showed a great proliferation profile, and the scaffolds were almost
covered with BMSCs.

To explore the effects of MgSiO; and different structures on
cell viability, BMSCs were seeded on different scaffolds and the
CCKS test was performed after 1, 4, and 7 days of incubation.
The OD value at different time points showed an increase but
there were no significant differences in all groups (Fig. 6A),
indicating that MgSiO; had no cell toxicity and cells could
proliferate well on the succulent plant-like scaffolds. Furthermore,
the rate of cell adhesion was investigated to compare the cell
loading efficiency on different scaffolds. Compared to the control
group, the spindle, ellipsoid, and sword groups showed signifi-
cantly enhanced BMSCs adhesion rates, while there was no
obvious difference among the experimental groups (Fig. 6B).

3.5 In vitro osteogenic bioactivity of the succulent plant-like
scaffolds

To investigate osteogenic differentiation, we tested the alkaline
phosphatase (ALP) activity of BMSCs incubated with the scaf-
folds for 7 and 14 days. As shown in Fig. 6C and D, the rose-like
scaffold and the ellipsoid scaffold showed significantly elevated
ALP levels as compared to that in the control group after 7 and
14 days, while no significant differences were observed among
other groups. According to ALP staining results, the rose-like
scaffold and the ellipsoid scaffold showed relatively elevated
ALP levels as compared to the control group (Fig. 6E).
Osteogenesis-related gene expression levels (ALP, BMP-2,
COL-1, OCN, and RUNX2) were measured to evaluate the
osteogenic properties of different scaffolds. For a dynamic
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investigation of osteogenic properties, the gene expressions
after 4, 7, and 14 days of incubation were chosen as different
stages of bone formation. After 4 days of incubation, compared
with the control group, succulent plant-like scaffolds, especially
the rose, triangle, and ellipsoid groups, exhibited more osteo-
genic gene expressions such as ALP, BMP-2, COL-1, and RUNX2.
Regarding the gene expression after 7 and 14 days of incuba-
tion, the general trend was that the succulent plant-like scaf-
folds showed more osteogenic gene expression than the control
group, while on days 7 and 14, the pentagon and triangle
groups showed less gene expression on BMP-2 and RUNX2
(Fig. 7). In particular, the rose and ellipsoid groups showed
relatively higher osteogenic gene expressions than other
groups. Therefore, the succulent plant-like scaffolds could
improve the osteogenic differentiation of BMSCs and enhance
the osteogenic gene expression as compared with the control
group. Moreover, the rose and ellipsoid groups showed better
osteogenic effects than all the other groups. Based on the
in vitro osteogenic effects of the succulent plant-like scaffolds,
we chose the rose and ellipsoid groups for further in vivo
bioactivity testing.

3.6 In Vivo bioactivity of the succulent plant-like scaffolds

To investigate the effect of succulent plant-like scaffolds on
bone repair and regeneration, rabbit femoral defect models
were applied to assess in vivo osteogenesis. Four groups of
scaffolds with different macroscopic structures were explored:
Blank, Control, Rose, and Ellipsoid. Eight weeks after implan-
tation, the samples were harvested. The 2D micro-CT images
showed that the scaffolds were well placed in the defect region
and could maintain the structure for eight weeks (Fig. 8A-H).
Histological analysis of Van Gieson’s staining displayed the
transverse slices (Fig. 8I-L) and longitudinal slices (Fig. SM-P)
of the samples. Little newly formed bone could be detected in
the blank group (Fig. 81 and M). In the control group, some new
bone formed around the scaffold, while little bone grew into
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Fig. 6 The cell viability and ALP bioactivity of BMSCs in the succulent plant-like biomimetic scaffolds. (A) The proliferation activity of BMSCs cultured in
scaffolds with different structures after culturing for 1, 4, and 7 days was detected by the CCK-8 assay. n = 5 replicates. (B) The rate of BMSCs adhesion in
the different scaffolds. (C) The relative ALP activity of BMSCs cultured in different scaffolds and incubated for 7 days showed better osteogenic properties
for the rose and ellipsoid groups. (D) The relative ALP activity of BMSCs cultured in different scaffolds incubated for 14 days showed better osteogenic
properties for rose and ellipsoid groups. (E) The ALP staining of BMSCs co-cultured with different scaffolds for 7 days (scale bar = 20 um) (*P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001).

the inner space (Fig. 8] and N). In contrast, more newly formed
bone could be observed around both the rose-like and ellipsoid
scaffolds, and much newly formed bone grew into the inner
space of the scaffold. The gaps and cracks inside the scaffold
were also filled with new bone (Fig. 8K and O). The image
also suggests that parts of the scaffold degraded into
some little fragments, around which a large amount of new
bone had formed. Regarding the ellipsoid scaffold, more
bone formed around the leaves and the ellipsoid leaves
provided more contact area with peripheral tissues than the
control group, making more newly formed bone attach to the
surface of scaffolds (Fig. 8L). Additionally, some bone could
grow into the interspace between the plant stem, leaves, and
bottom (Fig. 8P). However, no bone could grow into the inner
part of the scaffold due to the porous structure. The area ratio
of new bone to the defect area was investigated. The quanti-
tative analysis of the horizontal plane and vertical plane
suggested that the rose-like scaffold showed significantly
enhanced bone formation as compared to the control group
(Fig. 8P and R).

5530 | J Mater. Chem. B, 2023, 11, 5523-5536

4 Discussion

Inspired by the structures and functions of succulent plants, we
designed a series of succulent plant-like scaffolds with the
structures of six different plants including Graptopetalum
pachyphyllum rose, Maguey Chato Agave, Aeonium canariense,
Astroloba, Sedum burrito and Echeveria jasiri. The biological
functions of these structures were investigated and compared
to the conventional scaffolds with interlaced vertical columns.
The succulent plant-like scaffolds with sophisticated structures
of stems and leaves were successfully fabricated by 3D DLP
printing and the morphological parameters were precisely
consistent with the designed 3D models.

Many studies have focused on fabricating biomimetic scaf-
folds by tuning the microstructure.”*° The design of succulent
plant-like scaffolds in this study was intended to investigate
the effects of macroscopic structures on cell behavior and bone
repair efficiency. Despite the brittleness of the bioceramic
materials, DLP printing could offer an easy and convenient
method of constructing succulent plant-like bioceramic
scaffolds.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 The succulent plant-like scaffolds showed improved osteogenic properties according to the osteogenic gene expressions after incubation for 4,
7, and 14 days. (A) The osteogenic gene expression of ALP. (B) The osteogenic gene expression of BMP-2. (C) The osteogenic gene expression of COL-1.
(D) The osteogenic gene expression of OCN. (E) The osteogenic gene expression of RUNX2 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Succulent plants can be classified into the all-cell type and
the storage type. The survivability of succulent plants depends
on their special morphologies including stem shape, leaf
31734 Naturally,
the morphological transitions endow succulent plants with
different water absorption and nutrition utilization capacities.®

Previous studies have shown that hierarchical structures of
scaffolds such as multi-level pores and micro/nano-structures

shape, size, density, and specific surface area.

could play an important role in the process of tissue recon-
struction and regeneration.’®*® Physical cues including
morphology, stiffness, and geometry could also regulate cell
behavior via modulating cellular density, distribution, and
interactions.?” As such, we classified the succulent plant-like
scaffolds into two types according to their different appear-
ances. The all-cell succulent plants shared large non-spheroid
leaves with oblong cross-sections and relatively high specific
surface area. In contrast, the storage succulent plants had
spheroid leaves with nearly round cross-sections and low
specific surface areas. The former type includes pentagon, rose,
triangle, and sword groups. The latter includes spindle and
ellipsoid groups.

To further explore the effects of structures on cell behavior
and bone repair efficiency, we customized the scaffolds by
altering the leaf shape, size, and density along with the dis-
tribution of leaves according to the corresponding succulent
plants. We fabricated two main types of succulent plant-like
scaffolds to investigate whether different appearances would

This journal is © The Royal Society of Chemistry 2023

affect cell behavior and bone regeneration. Each type also
included more sub-types for further analysis. In our design,
the all-cell succulents included pentagon, rose, triangle, and
sword groups, which shared the same appearance with large
non-spheroid leaves to increase the area for nutrition intake.
The specific surface areas of the four groups were 1.56, 1.26,
1.29, and 1.53, respectively. In contrast, the storage succulents
showed nearly spheroid leaves with high curvature and include
spindle and ellipsoid groups. The specific surface areas of the
two groups are 1.35 and 1.13.

The morphological traits endow succulent plants with
different water absorption and nutrition utilization capacities
by varying the leaf shape, density, and axial direction. The
overlapping structure of leaves could improve fluid flow, nutrition
exchanges, and contact between cells and the microenvironment.®
The adduction structure of leaves can cause cells to aggregate on
the stem and thus enhance intercellular crosstalk.*® The leaf
structure could enhance the surface area for cell adhesion and
improve the distribution of cells on the leaf.>* The short leaves
with a low thickness could be formed under wet conditions, while
under conditions of drought, some leaves are replaced by thorny
bracts with small surface areas to reduce water evaporation.®*
Moreover, broader leaves are associated with low photosynthetic
rates.’” The increased volume of leaves may negatively impact
photosynthesis due to the longer nutrition transportation dis-
tance between leaves and the stem.**°™*> The upregulated leaf
density could decrease the water transportation efficiency due to
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Fig. 8 The succulent plant-like biomimetic scaffolds enhanced bone
regeneration in rabbit femoral defects after 8 weeks of implantation.
(A—D) The 2D vertical view of the scaffolds implanted into the femoral
defects. (E-H) The 2D side view of the scaffolds implanted into the femoral
defects. (I-L) Transverse sections of bone defects with different scaffolds
and the magnified images of the marked area. (M-P) Longitudinal sections
of bone defects with different scaffolds and the magnified images of the
marked area. Scale bar, 1 mm. (Q) The area ratio of the newly formed bone
to defects of transverse histological slices in different groups (R) The area
ratio of the newly formed bone to defects of longitudinal histological slices
in different groups. (*P < 0.05).

the elongated path length from the veins of leaves to evaporative
surfaces.>® Moreover, studies have shown that the SA:V is
the key factor that affects the living capacity in extreme
environments. A low SA:V could provide the maximal volume
for water storage and minimal area for transpiration water
loss, so leaves with the strongest water storage capacity tend
to have round cross-sections rather than planate.*® Therefore,
we speculated that the SA:V, leaf shapes, size, and leaf-
combining methods would cooperate to affect the capacity for
the absorption of nutrition and transportation in succulent
plants, further modifying the viability in extreme conditions.
By imitating the structures of succulent plants, the succulent
plant-like scaffolds could potentially possess different capacities
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for of regulating cell distribution and thus affect cell behaviors
like proliferation, adhesion, and differentiation.

Here, six scaffolds with different appearances were obtained
by regulating the morphology of stems and leaves via 3D DLP
printing. The leaf shape, size, and density were preserved as
designed after the sintering process, suggesting a stable
method for fabricating bioceramic scaffolds with succulent
plant-like structures.

Conventional porous ceramic scaffolds might face the diffi-
culty of insufficient space for cell adhesion.**** The succulent
plant-like scaffolds, with a relatively smooth surface and tight
crystalline grain connection, could provide a stable platform for
cell adhesion and proliferation. Conventional scaffolds are
composed of vertical interlaced columns, leaving a host of
pores in the inner space. The pore size suitable for bone
ingrowth is 300-600 pum,*>*® which is far larger than the size
of BMSCs, osteoblasts, and osteocytes. As a result, cells tend to
leak from the pores, leading to a low adhesion efficiency, which
might slow the speed of bone regeneration. In addition, the
ECM and bioactive molecules are susceptible to being washed
out from the scaffold. In contrast, the succulent plant-like
scaffolds, imitating the macroscopic appearance of succulent
plants, could provide more suitable cell adhesion sites and a
stable microenvironment. Hopefully, our scaffolds can over-
come the disadvantages of conventional scaffolds, and improve
cell collection and adhesion. In addition, the intersected leaves
could potentially guide cell migration for more cellular inter-
action and thus improve cell differentiation for osteogenesis.

MgSiO; has been verified to have the effects of enhancing
cell proliferation and improving osteogenesis.*”*° Mg ions and
Si ions play important roles in the process. To explore whether
the shapes affect the release profile and degradation property
of scaffolds, the weight loss, and released ions were measured.
We speculated that different structures would lead to different
degradation properties. In succulent plants, the SA:V is the key
factor that affects the capacity of water storage and evaporation.
A low SA:V could help plants retain more water for survival.**
Firstly, the conventional scaffolds, with the conventional
porous structure, had a multitude of contact areas with the
Tris-HCI solution, which might lead to fast degradation, while
succulent plant-like scaffolds possessed great stability and
sustained ion release. This release profile was conducive to
the persistent and long-term effects on bone regeneration. The
weight loss of experimental groups was in the range of 2% to
4%. The ellipsoid group, with the smallest SA:V (1.13 m*> m ™)
among the succulent plant-like scaffolds, exhibited the most
degradation. For plants, to retain moisture for survival, they
should be in contact with more water. The ellipsoid scaffolds,
imitating the structure of plants with a low SA:V, were exposed
to more water than other groups, which could accelerate the
degradation of the scaffolds. After 30 days of degradation
testing, only 3.7% of weight loss was measured, which was
enough for the bone regeneration process. Moreover, all scaf-
folds in our research presented the sustained and stable release
of Mg and Si (30-40 ppm of Mg and 40-60 ppm of Si), which is
conducive to cell adhesion, cell growth, cell differentiation,
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activating the osteogenic signaling pathway and enhancing
matrix mineralization.””*>*' The immune response is usually
caused by free particles. In detail, broken or degraded products
of scaffolds, such as nanoparticles or ceramic particles, could
be recognized by macrophages, contributing to chronic inflam-
mation and progressive tissue injury.>” In addition, the too-fast
degradation of scaffolds could lead to the burst release of
scaffold components such as Mg>" or other particles. The
sudden increase in bioactive components in local environ-
ments might produce cell toxicity and lead to cell apoptosis
and cell death, which may cause a further immune response
and inflammatory response.’>* Thus, a stable succulent plant-
like scaffold was successfully fabricated for cell growth and
osteogenesis, and the stable release of bioactive components
could hardly lead to an excessive immune response.

Next, the in vitro bioactivity was tested. The CLSM images
indicated that the BMSCs could spread well on MgSiO; bio-
ceramic scaffolds. With the increase in incubation days, the
number of cells adhered to the scaffolds increased, indicating
that the scaffolds could provide a suitable environment for cell
adhesion and proliferation. The number of cells was less in the
control group than in the experimental scaffolds, while there
was no significant difference in different succulent plant-like
scaffolds, which may be because cells in the control group
could leak from the pores between interlaced columns.

In nature, the shapes of leaves can regulate the flow direc-
tion or aggregation of water for nutrition storage. We specu-
lated that succulent plant-like structures could regulate cell
distribution. Compared to the control group and the all-cell
group, cells in the spindle and ellipsoid groups exhibited some
morphology changes. Pseudopodia of BMSCs in the two groups
showed greater elongation than in other groups. Previous
reports have shown that substrate curvature could impose
mechanical stimulation on BMSCs and induce osteogenic
differentiation.>® Thus, we speculated that the morphology of
succulent plant-like scaffolds could potentially improve the
BMSCs differentiation and enhance bone regeneration efficiency.

The CCKS8 assays on days 1, 4, and 7 suggested that succu-
lent plant-like scaffolds could well support cell proliferation
and there was no significant difference compared with the
control group, which indicated that the change in the scaffold
macroscopic morphology might be a feasible method for scaf-
fold design. Moreover, the special appearance could restrict the
cells on the leaves or at the intersection places, which might
enhance cell density and prevent the crowded cells from leaking
from the pores of conventional scaffolds. In these conditions, the
enhanced cell density could also potentially improve cellular
interactions and BMSC differentiation.”®>”

Traditionally, cells might leak from the pores of scaffolds.
To investigate the capacity for cell recruitment, the cell adhe-
sion rate was measured. The spindle, ellipsoid, and sword
groups showed an enhanced cell adhesion rate compared to
the control group. The three groups have structures with
interlaced layers. Without many pores for cell leakage, a more
effective area could be retained for cell adhesion. In other
groups, cells tended to leak from the space or pores of the
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scaffolds, leading to a low cell loading efficiency. According to
the results, the succulent plant-like scaffolds with optimal leaf
structures could potentially regulate the cell adhesion efficiency
and load more cells for the next repair process.

The osteogenic properties of BMSCs on different scaffolds
in vitro and in vivo were investigated. Alkaline phosphate
activity (ALP) is an early phenotypic marker for osteogenic
differentiation.”® The enhanced activity of ALP indicated more
bone ECM (extracellular matrix) synthesis and the stimulative
osteogenic differentiation effect. On days 7 and 14, the conven-
tional scaffold showed significantly lower ALP activity than the
rose-like scaffold and the ellipsoid scaffold. Moreover, osteo-
genesis-related gene expression levels were investigated. A
significant difference was shown in different groups, suggest-
ing that the macroscopic morphology of scaffolds might have
the potential to modulate the expression of osteogenic genes.
The enhanced activity and gene expression levels of ALP
showed that the rose and ellipsoid groups had relatively higher
osteogenic properties. In general, the expression levels of BMP-
2, COL-1, and RUNX2 indicated that the osteogenic differentia-
tion of BMSCs in succulent plant-like scaffolds was more
remarkable as compared to the control group. Previous studies
reported that cellular contact could promote MSCs osteogen-
esis. We speculated that the succulent plant-like structure
would enhance cell density and intercellular interaction by
improving cell aggregation and adding the intercellular contact
area. With the enhanced cell contact, the gap junction and
signaling molecules between BMSCs could be activated and
thus improve the osteogenic property.”*®' Cells planted on
conventional scaffolds tend to leak from the pores, leading
to less cellular crosstalk and less osteogenesis. However, in
succulent plant-like groups, more cells were gathered at the
intersection of leaves, which could enhance the intercellular
crosstalk. In addition, leaves of experimental scaffolds could
provide more physical cues (large area for cell adhesion;
curvature for physical cues) for cell proliferation and differ-
entiation, which could further elevate ALP activity and osteo-
genesis.

The rose-like scaffold, with the adductive leaves, could
gather cells into the gaps between the leaves and stems.
In detail, the overlapping part of different leaves could form
some deep pits and provide more space for cells to grow,
which could enhance the cellular density and contact area.
As reported, elevated cellular interaction could help to improve
the osteogenic properties of BMSCs.*> Moreover, the inter-
sected and curving leaves were also conducive to cell collection
and nutrition storage. The ellipsoid-like scaffold had leaves
with a convex surface, providing mechanical cues like stretch-
ing strength on BMSCs. In the early stage, cells on ellipsoid
scaffolds were stretched and previous reports showed that this
kind of mechanical stimulation could enhance osteogenic
properties.®® In other groups, the lower layer of leaves was
covered by the upper layer, which would sacrifice the contact
surface between cells and scaffolds. In contrast, 3 layers of
intersected leaves with different sizes in the ellipsoid group
could maintain enough contact surface to load more cells.
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The in vivo rabbit femoral defects models illustrated that
more new bone was formed and grew in the experimental
groups as compared to the control group and blank group.
The micro-CT images showed that the scaffolds could still be
observed with an intact appearance after two months of
implantation, demonstrating that the scaffolds, having enough
stability, consistent with the degradation profile, could offer
long-lasting effects on osteogenesis and the period was enough
for bone regeneration.®® Furthermore, the histological analysis
suggested that the succulent plant-like structure could induce
bone ingrowth and bone deposition with the intersected leaves
and sufficient inner space. According to in vivo bioactivity analy-
sis, the experimental groups exhibited better properties on bone
regeneration than the control group. It was likely that the leaf
structure could provide more space for cell adhesion and prevent
cells from leaking from the pores of scaffolds, which could cause
more BMSCs aggregation to enhance the collagen and bone
matrix deposition inside the succulent plant-like scaffolds.

Considering the further applications of succulent plant-like
scaffolds, there are still some issues to be investigated. Our
study only compared the effects of different shapes on BMSC
osteogenic properties. More detailed parameters such as rotation
angle, thickness, and inclination degree of leaves should be
further investigated in the study. The mechanism of scaffold
shape influence on osteogenic ability is not yet fully understood.

5 Conclusions

Inspired by the sophisticated structures of succulent plants, we
have successfully fabricated biomimetic succulent plant-like
scaffolds with MgSiO; bioceramic using the DLP 3D printing
technology. The structures could be customized into spindle-
like, pentagon-like, rose-like, triangle-like, ellipsoid-like, and
sword-like appearances by changing the shape, size, and
combination methods of the stems and leaves. Compared to
the conventional scaffolds, the succulent plant-like scaffolds
exhibited higher cell loading efficiency and more space for
cellular crosstalk by gathering cells and adding a cellular
contact surface. Compared to conventional 3D-printed scaf-
folds with vertical interlaced columns, the rose-like and ellip-
soid scaffolds significantly promoted osteogenesis by elevating
ALP activity after 7 days of incubation (increased by 26.5% and
30.9%, respectively, as compared to the control group) and
osteogenesis-related gene expression. Furthermore, the percen-
tage of new bone growth of rose-like scaffolds was also pro-
moted as compared to the control group, indicating that the
succulent plant-like structure had the potential to promote
BMSCs differentiation for bone generation. This work provides
a new biomimetic method for designing scaffolds with plant-
like structures and beneficial cell microenvironments for bone
regeneration.
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