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Regeneration of severe bone defects remains an enormous challenge in clinic. Developing regenerative scaffolds
to directionally guide bone growth is a potential strategy to overcome this hurdle. Conch, an interesting creature
widely spreading in ocean, has tough spiral shell that can continuously grow along the spiral direction. Herein,
inspired by the physiological features of conches, a conch-like (CL) scaffold based on -TCP bioceramic material
was successfully prepared for guiding directional bone growth via digital light processing (DLP)-based 3D
printing. Benefiting from the spiral structure, the CL scaffolds significantly improved cell adhesion, proliferation
and osteogenic differentiation in vitro compared to the conventional 3D scaffolds. Particularly, the spiral
structure in the scaffolds could efficiently induce cells to migrate from the bottom to the top of the scaffolds,
which was like “cells climbing stairs”. Furthermore, the capability of guiding directional bone growth for the CL
scaffolds was demonstrated by a special half-embedded femoral defects model in rabbits. The new bone tissue
could consecutively grow into the protruded part of the scaffolds along the spiral cavities. This work provides a
promising strategy to construct biomimetic biomaterials for guiding directional bone tissue growth, which offers
a new treatment concept for severe bone defects, and even limb regeneration.

1. Introduction

Annually, over 20 million individuals worldwide suffer from bone
defects causing by bone diseases, aging population, accidents, etc [1].
Due to the severe bone nonunion and limited self-healing ability of bone
tissue [2,3], the regeneration of severe bone defects, such as segmental
bone defects and severed limbs [4-7], remains an enormous challenge in
clinic [8-11]. For severe bone defects, the distal part seriously lacks in
osteogenic environment and active cells for regenerating new bone [12].
It is of great importance for the implanted scaffolds to induce cells
migrating from proximal part to distal part in a well-ordered manner,
and thereby to achieve directional bone growth. 3D printing of bone
tissue engineering scaffolds has been demonstrated to be an efficient
candidate for treating large bone defects [13-15]. Nevertheless, most of
conventional scaffolds prepared by 3D printing are crossly stacked by
simple solid struts [16,17]. Although being porous, they still lack a

Peer review under responsibility of KeAi Communications Co., Ltd.

suitable structure to guide bone cells to directionally migrate and
improve the transmission of nutrients in scaffolds [18-26], resulting in
the limited osteogenesis in center and distal part of the defects [27].
Thus, the structure of the 3D-printed scaffolds needs to be ingeniously
designed to break through these limitations.

After millions of years of evolution, many creatures in nature have
evolved wonderful physiological structures and functions [28-32].
Conches, which widely spread in ocean, generally possess a distinctive
spiral structure [33,34]. The spiral conch shells with excellent me-
chanical properties, can perfectly support and protect the living soft
tissues inside conch, and allow them to move freely and smoothly in the
spiral cavity. Notably, the spiral shells can continue to grow epitaxially
along the spiral direction in the whole lifecycle of conch [33]. Similarly,
ideal scaffolds are expected to possess the function for guiding and
promoting the new bone to continuously regenerate from the proximal
part to the distal part. Therefore, the interesting features of conches
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provide inspiration for designing scaffolds for bone regeneration. Play-
ing a role like stairs, the consecutive and gentle slope of the spiral
structure in the conches can predictably reduce the difficulty of move-
ment for the anti-gravity direction. Consequently, integrating the
conch-like (CL) structure into the 3D-printed scaffolds is a promising
approach to achieve directionally guided bone growth by promoting the
migration and penetration of cells, tissues and nutrients in a specific
direction.

In terms of composition, the main component of natural conch shells
is CaCOj3 (aragonite) with a content of about 95%, which is a common
bioceramic material [35]. Bioceramics, as a kind of typical biomaterials,
have been widely studied in tissue engineering, because of their excel-
lent mechanical properties, good biocompatibility and osteogenic ac-
tivity [36-38]. Since the 20th century, bioceramics have gained rapid
development from the original bioinert ceramic materials such as
alumina (Al;O3) and zirconia (Zr,03) to the current bioactive ceramics
with tissue induction and regeneration functions [39,40]. So far, scaf-
folds based on different bioceramic materials have also been widely used
in bone tissue engineering [14,41]. 5-TCP, as a representative of calcium
phosphate bioceramics, has been widely used in clinical repair of bone
defects owing to the excellent biocompatibility, degradability, osteo-
conductivity and similarity to the inorganic component of human bone
[36,38,42,43]. Therefore, in this work, -TCP bioceramic was selected to
prepare 3D-printed scaffolds to simulate CaCOs3 in natural conch shells.

Herein, inspired by the unique structure and growth process of
conches, based on f-TCP bioceramic material, a “cells climbing stairs”-
like scaffolds for guiding directional bone growth were successfully
prepared via 3D printing technology with digital light processing (DLP)
(Fig. 1). The biomimetic scaffolds with CL structure were composed of
spiral sections and cavities, as well as intermediate support spar and
peripheral wall containing through macropores, which could be well
regulated with accuracy and flexibility by the 3D printing technology.
The CL scaffolds could guide and promote tissue cells to migrate along
vertical direction. The spiral sections in the scaffolds could act as “stairs”
to direct the cells climbing from the bottom to the top of the scaffolds.
Meanwhile, compared with the conventional cross-strut (Cross) scaf-
folds, the CL scaffolds exhibited improved mechanical properties, better
material transport performance and stimulatory effect on the cell
adhesion, proliferation as well as subsequent osteogenic differentiation
in vitro. Furthermore, we verified that the CL scaffolds could well guide
the directional growth of bone tissue from the bottom to the top of
scaffolds with a special half-embedded femoral defects model in vivo.
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The new bone tissue obviously grew to the protruded part of the scaf-
folds along the spiral structure. Therefore, it is believed that the pre-
pared CL bioceramic scaffolds will be a promising candidate for guiding
directional bone growth to repair severe bone defects.

2. Materials and methods
2.1. Materials

Conches were purchased from Alibaba Group (China). All reagents
were used as received without further processed.

Preparation of the precursor slurry: The precursor slurry with a theo-
retical solid content of 55 wt% was prepared by the following method.
80 g of bioceramic powder S-TCP (f-Cas(PO4)2, HQ-TCP-01, Kunshan
Chinese Technology New Materials Co., Ltd., China), 35 g photosensitive
resin (Wanhao Factory Co., Ltd., China), 20 g HDDA (1,6-hexanediol
diacrylate, 90%, Shanghai Macklin Biochemical Co., Ltd., China), 6 g
Triton X-100 (AR, Shanghai Macklin Biochemical Co., Ltd., China), 4 g
KH570 (98.0%, Sinopharm Chemical Reagent Co., Ltd., China), and 0.5
g DPO (diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide, 97%,
Aladdin, China) were ball-milling mixed by planetary ball mill (QM-
3SP2, Nanjing University Instrument Factory, China) at a speed of 500 r
min~"! for 8 h.

2.2. Fabrication of the CL scaffolds

The overall fabrication process was shown in Fig. S2A. Specifically,
the 3D models with varied structural parameters of CL scaffolds were
designed with SolidWorks software (SolidWorks 2016, Dassault systems,
France) and converted into stereolithography (STL) file format. Then,
the precursor slurry was added to the DLP-based light curing 3D printer
(AUTOCERA-M, Beijing TenDimensions Technology Co., Ltd., China)
and printed layer by layer according to the STL file. The printed layer
thickness was fixed at 50 pm. In addition, the wavelength of the curing
light source was 405 nm. The exposure time of the first layer was 40 s
and the others were 8 s. After printed, the samples were removed from
the printing platform and ultrasonically cleaned with alcohol for 20 s
carefully. The cleaning step was repeated twice to remove the residual
slurry. Then, the cleaned green bodies were placed under a 405 nm
portable light source for 1 h for secondary curing. Finally, the green
bodies were debinded and sintered in muffle furnace (SSJ-14, Luoyang
Shenjia, Kiln. Co., Ltd., China). The sintering procedure was as follows:

Fig. 1. Schematic illustration of the preparation and
application in guiding directional bone growth of the
3D-printed CL scaffolds inspired by the features of
natural conches. The biomimetic scaffolds were
comprised of spiral sections and cavities, as well as
intermediate support spar and peripheral wall with
through macropores. Benefiting from the spiral bio-
mimetic structure, the CL scaffolds greatly enhanced
cell behaviors including adhesion, proliferation,
osteogenic differentiation, and significantly promoted
cell migration from the bottom to the top of the
scaffolds, which was like “cells climbing stairs™.
Furthermore, the CL scaffolds well guided the bottom-
up directional bone growth in vivo, similar to the
growth process of natural conches.
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firstly, it increased from room temperature to 300 °C at the rate of 1 °C
min~! and maintained for 2 h; then, the temperature rose to 650 °C at
the rate of 0.5 °C min ! and kept for 2 h; finally, the temperature rose to
1150 °C at the rate of 2 °C min~" and kept for 3 h.

2.3. Characterization of the CL scaffolds

The synchronous thermal analyzer (STA, STA 449C, Netzsch, Ger-
many) was used to test the weight and heat changes of the 3D-printed
green bodies from room temperature to 1200 °C in air atmosphere at
a heating rate of 10 °C min~1. XRD (D8 ADVANCE, Bruker, Germany)
was conducted to characterize the phase composition of the p-TCP
powders and sintered ceramic scaffolds. The dimensions of the scaffolds
after printed and sintered were measured with vernier caliper (Nanjing
Suce Measuring Instrument Co., Ltd., China). Six replicates were used in
each group. The photographs of the scaffolds and natural conches were
taken by a digital camera (D90, Nikon, Japan). The 3D images of the
ceramic scaffolds (@ = 9.8 mm, H = 11.0 mm) and natural conches were
reconstructed by Micro-CT (SKYSCAN1172, Bruker, Germany), which
was also used to analyze the porosity of ceramic scaffolds. Three repli-
cates were prepared for each group. The morphology and structure of
the scaffolds were further observed by SEM (S-4800, Hitachi, Japan).

Mechanical tests of the CL scaffolds: The mechanical properties were
all measured by universal testing machine of mechanics of materials
(INSTRON-5566, Instron, USA) in room temperature. Specifically, for
compressive properties, the ceramic scaffolds samples were fabricated
with size @ = 9.8 mm and H = 11.0 mm (model: @ =13.0 mm, H = 15.0
mm). And the loading rate of the test was 0.5 mm min~!. Compressive
strength and modulus were respectively defined as the maximum value
of the compressive stress-strain curve and the slope of the linear stage of
the initial stress-strain curve. For flexural properties, the ceramic sam-
ples for three-point bending test were prepared with size @ = 9.8 mm
and H = 22.0 mm (model: @ = 13.0 mm, H = 30.0 mm). The test span
was 18.0 mm with loading rate of 0.5 mm min~!. The flexural strength
and modulus were defined as the maximum value of the flexural stress-
strain curve and the slope of the linear stage of the initial stress-strain
curve, respectively. Six replicates were used in each group.

Material transport tests of the CL scaffolds: The liquid transport
experiment was performed to evaluate the material transport properties
of the CL scaffolds. Briefly, the ceramic scaffolds samples with a partly
bottom-up opening on the side were fabricated with size @ = 9.8 mm
and H = 7.5 mm (model: @ = 13.0 mm, H = 10.0 mm). Then, the bottom
of different scaffolds were immersed in simulate body fluid (SBF) solu-
tion labeled with red ink (The height of SBF solution at the place where
the scaffolds was placed was 1.5 mm). The liquid transport process of
scaffolds was recorded with a digital camera (D90, Nikon, Japan). All
movies were slow played at 8x speed by PotPlayer software (Daum,
Korea) and exported as pictures at corresponding time points frame by
frame. The highest height of labeled SBF solution in different scaffolds at
certain time points were measured by ImageJ software (National In-
stitutes of Health, USA). Three replicates were prepared for each group.

2.4. Bioactivity experiments in vitro

The rabbit bone marrow stem cells (rBMSCs) were extracted from the
hind leg femurs of 4-week-old New Zealand white rabbits (Shanghai
Jiagan Biotechnology Co., Ltd., China) and cultured in the low glucose-
type Dulbecco’s modified Eagle medium (DMEM, SANGON Biotech Co.,
Ltd., China) supplemented with 10% fetal bovine serum (FBS, HyClone
Co., Ltd., China), 1% penicillin/streptomycin (P/S, HyClone Co., Ltd.,
China) and 1% glutamine (Gln, SANGON Biotech Co., Ltd., China). All
scaffolds used in the follow-up studies were sterilized by autoclaving.

Cell distribution experiment: For the evaluation of cell distribution in
the scaffolds, the bottom-sealed CL scaffolds with P = 1.6 mm were put
within a 48-well plate. 150 pL rBMSCs suspension was seeded in each
scaffold (150 pL, and the concentration of cell suspension was 2 x 10°
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cells mL™1, so 3 x 10* cells scaffold ! in total). After seeding cells, 200
pL culture medium was carefully added around the scaffolds to keep wet.
Then the scaffolds were incubated at 37 °C in a 5% CO, cell incubator
(ThermoFisher, USA) for 4 h to make cells adhered. Subsequently, cul-
ture medium was blotted up by vacuum pump, and 800 pL culture
medium was added to the each well to completely submerge the scaf-
folds. One day later, the cells were fixed with 4% paraformaldehyde fix
solution (SANGON Biotech Co., Ltd., China) for 30 min and permeated
with 0.1% Triton X-100 for 5 min. Next, the cytoskeleton was stained
with fluorescein isothiocyanate phalloidin (FITC, green, Sigma-Aldrich,
USA) for 45 min. After brief washing with PBS, the nuclei were stained
with 4/,6-diamidino-2-phenylindole (DAPI, blue, Sigma-Aldrich, USA)
for 7 min. And PBS was used to briefly rinse the scaffolds again. Finally,
the images of cells in the scaffolds were captured by confocal laser
scanning microscope (CLSM, TCS SP8, Leica, Germany), which reflected
the cell distribution and morphology in different parts (i.e., different
layers) of the scaffolds. Whenever the cells in the top layer were pho-
tographed, this layer would be carefully stripped and removed with
tweezers to expose the next hidden lower layer of the scaffolds. The
above operations were repeated to observe the cells on the 1st, 2nd, 3rd
and 4th layers of the scaffolds in order to analyze the cell distribution in
different parts.

Cell adhesion and delivery assay: For the evaluation of cell adhesion
and delivery of the CL scaffolds, the scaffolds with unsealed bottom were
employ for the assay. Four experimental groups were investigated
(Cross, P = 1.6, 2.0 and 2.4). Scaffolds were placed in 48 well-plates.
And 800 pL rBMSCs suspension was seeded into each well (800 pL,
and 6.75 x 10° cells mL’l, 50 5.4 x 10% cells well ! in total), so that the
cell suspension could completely immerse the scaffolds and evenly
distribute in the wells. The cells seeded on the plates were considered as
the positive control and the empty wells were considered as the negative
control. After incubated for 4, 12 and 24 h respectively, the cell-loading
scaffolds were carefully washed twice with PBS to remove nonadherent
cells and then transferred to new wells. At each time point, 800 pL of
culture medium with 10% CCK-8 (cell counting kit-8, Beyotime, China)
was added to the wells for 4.5 h. Subsequently, the absorbance was
measured at 4 = 450 nm in a multifunction microplate reader (Spec-
traFluor Plus, Tecan, Germany) to quantify the cells loading in the
scaffolds. Six replicates were prepared for each group. In likewise, 800,
400 and 200 pL of the previous cell suspension were respectively added
to the wells without any scaffold. Then, 0, 400 and 600 pL of culture
medium were added to these wells, respectively. After incubated for 4 h,
they were used as positive controls for complete attachment. And the
growth medium was replaced by culture medium with CCK-8 for 4.5 h.
The absorbance value at 450 nm was measured as the standard curve
reflecting the relationship between cells number and absorbance value.
Three replicates were prepared for each group. All the results were
presented as optical density (OD) values minus the absorbance of blank
wells. In addition, the scaffolds were fixed with 4% paraformaldehyde
fix solution for 30 min after cultured for 24 h. Then the cytoskeleton and
nuclei of the cells were stained with FITC (green) and DAPI (blue),
respectively. The distribution and morphology of cells in the upper layer
of varied scaffolds were characterized by CLSM. And the orientation
angle of rBMSCs adhered on the scaffolds in CLSM images was measured
by Photoshop software (CS6, Adobe, USA). Twenty cells were measured
in each group.

Cell viability assay: The live/dead staining assay was performed to
evaluate the viability of rBMSCs in the scaffolds, and the scaffolds with
sealed bottom were applied for this assay. Five experimental groups
were investigated (Blank, Cross, P = 1.6, 2.0 and 2.4). The bottom-
sealed scaffolds were placed in 24 well-plates. 80 pL of rBMSCs sus-
pension was seeded into each well (80 pL, and 1.25 x 10° cells mL’l, o)
1 x 10* cells scaffold! in total), and 200 pL culture medium was
carefully added around the scaffolds to keep wet. The scaffolds were
incubated for 4 h to make the cells adhered. After that, 800 pL culture
medium was added in each well to completely submerge the scaffolds.
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And the seeded rBMSCs were cultured for 2 days. Subsequently, the
Calcein-AM/PI double staining kit (Dojindo, Japan) was diluted with
PBS in a volume ratio of PBS: AM: PI = 1000: 2: 3. The scaffolds and
blank wells were washed with PBS for 2 times and then added with the
live/dead staining working solution. After incubated at 37 °C for 25 min,
the scaffolds and blank wells were observed by CLSM (FV1000,
Olympus, Japan). Live cells were stained in green with 488 nm excita-
tion lights while dead cells were stained in red with 559 nm excitation
lights.

Cell proliferation assay: For the evaluation of cell proliferation of the
CL scaffolds, the scaffolds with sealed bottom were applied for the assay.
Four experimental groups were investigated (Cross, P = 1.6, 2.0 and
2.4). The bottom-sealed scaffolds were placed in 48 well-plates. 80 pL of
rBMSCs suspension was seeded into each well with scaffold (80 pL, and
1.25 x 10° cells mL™%, so 1 x 10* cells scaffold ! in total), and 100 pL
culture medium was carefully added around the scaffolds to keep wet.
Then the scaffolds were incubated for 4 h to make the cells adhered.
After that, 400 pL culture medium was added in each well to completely
submerge the scaffolds. The medium was changed every 2 days. At each
time point (1, 3 and 7 days), the medium was replaced by culture me-
dium with 10% CCK-8 for 4.5 h. The absorbance was measured at 1 =
450 nm in a multifunction microplate reader. Three replicates were
prepared for each group.

Cell migration assay: For the evaluation of cell migration of the CL
scaffolds, four experimental groups were investigated (Cross, P = 1.6,
2.0 and 2.4). The rBMSCs were cultured in the medium (the low glucose-
type DMEM supplemented with 5% FBS respectively). The bottom-
sealed scaffolds were placed in 24 well-plates. Through the cell-
seeding channel of scaffolds, 40 pL of cell suspension was carefully
added to the lower 1-2 layers of each scaffold from bottom to top (40 pL,
and 1.0 x 10° cells mL_l, 50 4 x 10* cells scaffold ! in total). Then, 200
pL medium was added around the scaffolds to keep wet. After incubated
for 4 h, the cell-loading scaffolds were carefully washed twice with PBS
to remove nonadherent cells. Then another 1 mL medium was added in
each well to completely submerge the scaffolds. The medium was
changed every 2 days. Samples were taken after 1 and 10 days respec-
tively to determine the initial position of cells added and the final po-
sition after migrating. In order to observe the distribution of cells in
scaffolds, the scaffolds were fixed with 4% paraformaldehyde fix solu-
tion. Subsequently, the cytoskeleton and nuclei were stained with FITC
and DAPI, respectively. And the scaffolds were imaged with CLSM to
characterize the initial position of cell distribution at 1 day and the final
position of cell distribution after migrating for 10 days. The migration
capabilities in Z direction (vertical direction) and XY direction (hori-
zontal direction) were respectively quantified by the number change of
printing steps and the angle change of relative center rotation between
the initial position and final position of cells distribution in CLSM im-
ages. Five replicates were used in each group. And the orientation angle
of rBMSCs after migrating for 10 days in CLSM images was measured by
Photoshop software. Twenty cells were measured in each group.

Gene and protein expression of cells: To explore the gene expression of
the cells in CL scaffolds, the bottom-sealed scaffolds were applied in the
assay. Four groups of the scaffolds (Cross, P = 1.6, 2.0 and 2.4) were
investigated. The rBMSCs were cultured in differentiation medium
(DMEM complete medium supplemented with 1.0 x 1072 M p-glycerol
phosphate and 2.0 x 10~* M ascorbic acid). Firstly, the scaffolds were
placed in 24 well-plates. Through the cell-seeding channel, 100 pL cell
suspension was carefully added to each scaffold (100 pL, and 5 x 10°
cells mL ™, so 5 x 10* cells scaffold ™). Then, 200 pL of culture medium
was added around the scaffolds to keep wet. For the blank wells without
any scaffolds, 100 pL cell suspension and 200 pL culture medium were
added too. After incubated for 4 h, culture medium was blotted up by
vacuum pump. The scaffolds were then incubated at 37 °C for 4 h to
allow the cells adhered. After that, another 700 pL medium was added to
each well to completely submerge the scaffolds. The medium was
changed every 2 days. After incubated for 7 days, the total RNA was
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extracted by Trizol Reagent (Invitrogen Trizol, ThermoFisher, USA).
Complementary DNA (cDNA) was prepared by PrimeScript 1st Strand
cDNA synthesis Kit (TOYOBO, Japan). GAPDH was as the endogenous
control, and quantitative reverse transcription PCR (RT-qPCR) was
performed with SYBR Green qPCR Master Mix ((Takara, Japan). The
expression of relative osteogenic genes: BSP, OCN, OPN, BMP2 and
Runx2 were calculated by the 2722 method. Four replicates were used
in each group. The primer sequences were shown in Table S2. Further-
more, for the characterization of osteogenic relative proteins, two
groups of the scaffolds (Cross and P = 2.4) were selected. In short, the
scaffolds were treated with the corresponding primary antibody of bone
sialoprotein (BSP, sc-292393, Santa Cruz Biotechnology, Inc., USA) and
osteocalcin (OCN, sc-30044, Santa Cruz Biotechnology, Inc., USA) and
fluorescent secondary antibody (red, A-21245, ThermoFisher, USA).
Then the cytoskeleton and nuclei were stained with FITC (green) and
DAPI (blue), respectively. Subsequently, CLSM was used to characterize
the expression of specific osteogenic relative proteins in scaffolds at 7
days. And the semi-quantitative analyses were processed by Image J
software. Three replicates were prepared for each group.

Alizarinred S (ARS) staining assay: ARS staining was used to evaluate
the osteogenic differentiation of rBMSCs in the CL scaffolds in vitro. For
the evaluation of ARS staining of the CL scaffolds, the scaffolds with
sealed bottom were applied for the assay. Four experimental groups
were investigated (Cross, P = 1.6, 2.0 and 2.4). And the scaffolds
without rBMSCs seeded were used as negative control. The bottom-
sealed scaffolds were placed in 24 well-plates. 100 pL of rBMSCs sus-
pension was seeded into each well with scaffold (100 pL, and 2 x 10°
cells mL*I, so 2 x 10* cells scaffold™! in total), and 200 pL culture
medium was carefully added around the scaffolds to keep wet. Then the
scaffolds were incubated for 4 h to make the cells adhered. After that,
another 700 pL culture medium was added in each well to completely
submerge the scaffolds. The medium was changed every 2 days. After
cultured for 7 days, the scaffolds were washed with PBS and fixed in 4%
paraformaldehyde for 30 min, then stained with ARS solution (0.2%, pH
= 8.3, Beyotime, China) for 30 min at 37 °C. After that, the scaffolds
were washed with PBS to remove the residue ARS solution and imaged
by a digital camera. In order to quantification of the alizarin red S
staining value, the scaffolds were incubated with 10% acetic acid (AR,
Sinopharm Chemical Reagent Co., Ltd., China) overnight and neutral-
ized with 10% ammonia solution (25%-28%, Shanghai LINGFENG
Chemical Reagent Co., Ltd., China). Then the absorbance of supernatant
was measured at A = 450 nm in a multifunction microplate reader. Three
replicates were prepared for each group.

Ionic release of the CL scaffolds: In order to evaluate the Ca and P ions
released from the scaffolds, the 3D CL scaffolds were cultured in 1 mL
low glucose-type DMEM at cell incubator with 5% CO5 at 37 °C. The
medium was collected and filtered at 1, 3, 5 and 7 days. And the medium
was renewed at each time point. The concentration of Ca and P ions in
the medium were tested by the inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Varian 715 ES, Palo Alto, USA). Three
replicates were prepared for each group.

2.5. Bioactivity experiments in vivo

Bone defect regeneration: All the animal experiments were approved
by the Institutional Animal Care and Use Committee of Nanjing First
Hospital, Nanjing Medical University and carried out in strict accor-
dance with relevant laws and guidelines. The scaffolds with size of @ =
6.0 mm and H = 7.5 mm were used to evaluate the osteogenesis pro-
cesses in vivo. A total of 18 male New Zealand white rabbits (2.5-3 kg)
were selected for the experiments and randomly divided into three
groups: Blank, Cross and P = 2.4. The femoral defect with a diameter of
6.0 mm and a depth of about 5.0 mm was constructed with a hand-held
electric-drill (RA-II, YANCHENG RUIAO KEJI Co., Ltd., China). Then,
two kinds of scaffolds (Cross and P = 2.4) were implanted into the de-
fects, respectively. It was ensured that the scaffolds were embedded for
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~5 mm and protruded about ~2.5 mm, which was called half-embedded
bone defects model (HE-BDM). After 8 and 12 weeks of implantation,
rabbits were sacrificed respectively. The femoral samples were collected
from the rabbits and fixed with 4% paraformaldehyde fix solution
(SANGON Biotech. Co., Ltd., China) for 48 h.

Micro-CT analysis: To investigate the effect on new bone formation in
vivo, Micro-CT (SKYSCAN 1172, Bruker, Germany) was used to scan the
samples with a resolution of 8.9 pm. The respective threshold ranges of
rabbit bone and scaffolds in Micro-CT analysis were 50-130 and
130-255 respectively. The new bone regeneration was estimated by the
newly formed bone volume to the total volume (BV/TV) ratio and the
new trabecular number (Tb. N) for varied parts. In addition, the scaf-
folds were reconstructed to determine the effect of bone regeneration in
different parts (scaffolds: red; newly formed bone: green). Four repli-
cates were used in each group.

Histological staining analysis: The harvested samples were gradient
dehydrated with 70, 80, 90, 95, 100, 100, 100% (v/v) alcohol aqueous
solution. After that, the samples were embedded in poly-methyl meth-
acrylate (PMMA, Aladdin, China), and sectioned at 600 pm by a
microtome (SP1600, Leica, Germany). After polished by a polishing
machine (LaboPol-5, Struers, Denmark), the sections were stained with
Van Gieson’s picrofuchsin (VG) dye to evaluate the newly formed bone
tissue (scaffolds: black; new bone: red).

2.6. Statistical analysis

All data were presented as the mean + standard deviation (SD). The
number of statistical samples in each group shouldn’t be less than three.
The post-hoc test was chosen for one-way ANOVA. The statistical
analysis was performed using Tukey test in Origin 2018 software (Ori-
ginLab, USA). A P-value less than 0.05 was considered as significant
difference. Concretely, ™P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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3. Results and discussion
3.1. Fabrication and characterization of the CL scaffolds

pB-TCP, a representative bioactive ceramic material, was widely used
in bone tissue engineering research and clinical application for its
excellent bioactivity, appropriate degradation rate, osteoconductivity
and similarity to the inorganic component of human bone [36,44,45].
Therefore, -TCP bioceramic was selected as the basic material to
fabricate the scaffolds in this study to replace CaCOs in natural conch
shells. Referring to the features of natural conches, the CL bioceramic
scaffolds were successfully fabricated via DLP-based 3D printing tech-
nology. As shown in Fig. 1, the CL scaffolds were composed of spiral
sections and cavities, as well as intermediate support spar and periph-
eral wall containing through macropores. Notably, the vertical distance
between a point on one spiral layer and the corresponding point on the
adjacent spiral layer in the spiral structure of the CL scaffolds was
defined as the pitch of screw (P). And the P could be well modulated
with 1.6, 2.0 and 2.4 mm (Figs. S1B-D and Fig. 2B-D). The intermediate
support spar and peripheral wall were designed to endow the scaffolds
with good structural support and stability. Besides, in order to adjust the
porosity and mechanical properties of scaffolds, upright through mac-
ropores (Fig. 2E) were added in the peripheral wall, and one of mac-
ropores was replaced by the channel with a diameter of 1.5 mm (Fig. 2F)
for subsequent cell seeding. As known, conventional 3D-printed scaf-
folds were usually composed of solid struts stacked in cross. Thus, the
cross-strut (Cross) scaffolds (Fig. S1IA and Fig. 2A), with solid struts
stacked in cross at 45°, were used as the control group. Notably, all
groups of scaffolds were designed with approximate porosity (Table S1).
It is worth mentioning that the bottom of the scaffolds was open for
testing porosity, mechanical properties, material transport properties,
cell adhesion and in vivo experiments, while it was sealed for testing cell
uniformity, live/dead staining, cell proliferation, cell migration, cell

Fig. 2. Structure and morphology characterization of
the 3D-printed CL scaffolds and the natural conches.
Digital photograph of the conventional cross-strut
scaffolds (A;) and the CL scaffolds with varied
pitches (B;-D7) (P = 1.6, 2.0 and 2.4 mm, D = 1.2
mm, N = 12) in vertical view (the inset figures
showed the side-view digital photograph of corre-
sponding scaffolds, scale bars = 5 mm), scale bars =
2 mm. (A2-Dy) The sagittal Micro-CT reconstruction
images of the scaffolds to show their spiral structure
in the inner of CL scaffolds (the inset figures showed
the transverse view, scale bars = 5 mm), scale bars =
2 mm. (A3-D3) The representative SEM images of
scaffolds, scale bars = 400 pm. (E) SEM image for
through macropores in the peripheral wall (¢ = 1.2
mm in model), scale bar = 400 pm. (F) SEM image for
cell-seeding channel in the peripheral wall (¢ = 1.5
mm in model), scale bar = 400 pm. (G) SEM image for
the surface of scaffolds, scale bar = 5 pm. (H) Struc-
ture and morphology characterization of natural
conches, and the similarity in structure between the
natural conches and 3D-printed CL scaffolds (P = 2.4
mm, N = 12, D 1.2 mm). Specifically, digital
photograph (H;) and Micro-CT image (Hz) of the
natural conches (turritella terebra), scale bars = 10,
5 mm. Digital photograph of the double sagittal sec-
tion of the natural conches (terebra maculata), scale
bar = 5 mm (Hj). Sagittal section (H4) and transverse
section (Hs) images of the natural conches (turritella
terebra) in Hy, scale bars = 5 mm. Digital photograph
of the double sagittal section of the 3D-printed CL
scaffolds, scale bar = 2 mm (Hg). Sagittal section (Hy)
and transverse section (Hg) images of the 3D-printed
CL scaffolds (P = 2.4 mm), scale bars = 2 mm.

Natural
conches

scaffolds
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osteogenic differentiation, alizarin red S staining and ionic release to
well load the seeded cells.

The morphology, composition and structure of the 3D-printed bio-
ceramic scaffolds were characterized. Firstly, the scaffolds were highly
consistent with the models (Fig. S1 and Fig. 2A5-D5). No obvious defects,
such as deformations and cracks were observed in the scaffolds
(Fig. 2A-G). Besides, the surface micromorphology of the sintered
scaffolds was dense as shown in Fig. 2G. Notably, due to the layer-by-
layer curing mode of DLP-based 3D printing, the spiral structure with
stepped characteristic was produced in the varied CL scaffolds, which
was like stairs (Fig. 2B3-D3). Furthermore, the fabricated CL scaffolds
showed quite similar structure with the natural conches (Fig. 2H). Then,
the curves of thermal analysis showed that the ceramic particles content
of green body was 57.1 wt% (Fig. S2B), which was slightly higher than
the theoretical value, which might be due to the loss of resin in the
process of adding ceramic powder several times. XRD analysis indicated
that the sintered scaffolds possess the pure crystal phase of 5-TCP (PDF#
09-0169) (Fig. S2C). By measuring the dimensions of the green bodies
and sintered scaffolds, it was found that the DLP-based 3D printing
revealed a high precision (more than 95%) in either XY or Z direction
(Fig. S2D). And the shrinkage rate of the sintered scaffolds was uniform
in all directions for about 24% (Fig. S2E). Thus, the size and structure of
the CL bioceramic scaffolds could be well controlled by the DLP-based
3D printing processes.

In order to explore the relationship among structural parameters,
porosity and mechanical properties, scaffolds with a diameter of 13.0
mm and height of 15.0/30.0 mm were designed with varied pitches of
screw (movie S1 and S4), numbers (N) of macropores (movie S2 and S5),
and diameters (D) of macropores (movie S3 and S6). With the increase of
pitches, the porosity (Fig. 3A) of scaffolds increased, while the
compressive strength (Fig. 3B) and compressive modulus (Fig. 3C) first
decreased and then slightly increased. As for the flexural strength
(Fig. 3F) and flexural modulus (Fig. 3G) of scaffolds, they gradually
decreased. Notably, the compressive strength, compressive modulus,
flexural strength and flexural modulus of the CL scaffolds (P = 2.0 mm)
showed remarkable increase of 65.3%, 30.2%, 100.7% and 39.5%,
respectively, as compared to those of the Cross scaffolds with similar
porosity (37%). The results indicated that mechanical properties of the
CL scaffolds were significantly improved as compared with the con-
ventional Cross scaffolds. It could be explained by the natural spiral
structure of conches was more effective in protecting the outer surface
from high stress than the simpler shape [34].
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Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.09.014.

However, it might be difficult to satisfy the diversified clinical needs
for the porosity and mechanical properties of the of bioceramic scaffolds
by merely changing pitches. Moreover, the CL scaffolds with varied
numbers and diameters of macropores were prepared to further explore
their physical properties. For the CL scaffolds with P = 2.4 mm, the
numbers of macropores could be changed to 8, 12 and 16 (Figs. S3A-C).
It was found that, with the numbers of macropores increasing, the
porosity (Fig. S3D) of scaffolds increased, while the compressive
strength (Figs. S3E and G) and compressive modulus (Figs. S3F and G)
firstly increased and then decreased. Meantime, both the flexural
strength (Figs. S3H and I) and flexural modulus (Figs. S3H and J)
gradually decreased with number of macropores increasing. Therefore,
the scaffolds with N = 12 possessed the highest compressive strength.
Besides, for the CL scaffolds with P = 2.4 mm and N = 12, the diameters
of through macropores could be designed as 1.0, 1.2 and 1.5 mm
(Figs. S4A-C). As the diameters of macropores increased, the porosity
(Fig. S4D) of scaffolds increased, while compressive strength (Figs. S4E
and G) and compressive modulus (Figs. S4E and H) gradually decreased.
Meanwhile, both the flexural strength (Figs. S4F and I) and flexural
modulus (Figs. S4F and J) showed a trend of first decrease and then
increase. Considering the porosity and mechanical properties compre-
hensively, the scaffold with N = 12 and D = 1.2 mm was chosen as a
representative for the subsequent experiments.

Consequently, the porosity and mechanical properties of the CL
scaffolds could be well controlled by varying the structural parameters,
which was of great importance to satisfy different mechanical re-
quirements in clinic. More specifically, the CL scaffolds revealed a range
of 33.4-43.8% for porosity, 11.2-38.7 MPa for compressive strength,
0.63-1.73 GPa for compressive modulus, 2.71-9.95 MPa for flexural
strength and 0.74-1.19 GPa for flexural modulus. Therefore, it was
suggested that the 3D-printed CL scaffolds with tunable structural and
physical properties were successfully fabricated.

The material transport properties of the CL scaffolds were further
characterized, which may have an effect on cell behaviors and bone
regeneration. The liquid transport experiment was performed to eval-
uate the material transport properties of the CL scaffolds. The scaffolds
with a partly bottom-up opening on the side were prepared for this
experiment (movie S7). And the bottom of the scaffolds were immersed
in SBF labeled with red ink and the liquid transport process was recor-
ded. As shown in Fig. S5. The results showed that the red SBF solution

& B fis0 Cges
=} )
_ 40 320 —
8 2 3
< 30 g15
g K E
< 220 21.0
& 2 2
g 8
£10 505
; ;
o0 © 0.0
o © N ™
O@e //’\ Q,/’l«' Q,/‘L
20
F = G AZ.O
Q 3
A O15 N
< @ . . B—
12 2 =
¢ 5 310
0.0 0.5 1.0 1.5 2.0 25 3.0 35 £ 8 g
Compressive strain (%) = =
12 g Sos
i 5
w [
0 0.0
P \d N >
o Q//\ Q//‘I/ Q//q’

0.0

02 04 06 08 10 1.2
Flexural strain (%)

Fig. 3. Porosity and mechanical properties of the 3D-printed CL scaffolds (N = 12, D = 1.2 mm) with varied pitches. (A) Porosity of the 3D-printed scaffolds.
Compressive strength (B) and compressive modulus (C) of the 3D-printed scaffolds. Typical compressive stress-strain curves (D) and flexural stress-strain curves (E) of
the 3D-printed scaffolds. Flexural strength (F) and flexural modulus (G) of the 3D-printed scaffolds. (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001).
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increased rapidly within 0.8 s and reached the top of all scaffolds with
the same height (H = 7.5 mm) (Figs. SSA-B). However, it could be found
that the rising speed of liquid level and the total time for varied scaffolds
were different (Figs. S5B-C). The slight difference in the highest height
of liquid level was probably due to the slight difference in the absorbed
liquid volume caused by the porosity difference of the varied scaffolds.
The P = 1.6 group had the similar rising speed of liquid level and total
time as the Cross group, while the P = 2.0 group had significantly faster
rising speed and shorter total time compared with the Cross group.
Moreover, the P = 2.4 group had significantly the fastest rising speed of
liquid level and the shortest total time as compared to the Cross group
and P = 1.6 group. This indicated that with the increase of pitches, the
liquid transport capacity of the CL scaffold was gradually improved. On
the one hand, with the pitches increasing, the porosity increased, and
the transportation path of the liquid in the spiral structure for the CL
scaffolds was gradually shortened (movie S8-S11). On the other hand, it
might be caused by the difference in the additional pressure generated
by the curved liquid surface of the spiral structure surface infiltrated by
capillary action. The varied curvature of the spiral structure with step-
ped characteristic of the CL scaffolds, might lead to different driving
forces for the rising of liquid level. Capillarity is the primary force for
many plants to absorb and transport nutrients from the soil [46].
Therefore, the improved liquid transport ability of the CL scaffolds
implied that the CL scaffolds had better material transport performance
with the increase of pitches. This may have a positive impact on the
transport of nutrients and oxygen during in vitro cell culture and in vivo
bone regeneration.
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Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.09.014.

3.2. Cell adhesion, viability and proliferation assays in vitro

In order to investigate whether the spiral structure of CL scaffolds
influence cell behaviors, the CL scaffolds with varied pitches (P = 1.6,
2.0 and 2.4 mm) were prepared, and the conventional Cross scaffolds
were set as the control group. Rabbit bone marrow mesenchymal stem
cells (rBMSCs) were seeded in the scaffolds to study the effects of CL
scaffolds on cell behaviors in vitro.

The adhesion, viability and proliferation activities of the cells seeded
in 3D-printed CL scaffolds were firstly investigated. The CL scaffolds
with P = 1.6 mm were selected for the test of cell distribution uniformity
(movie S12). The distribution and morphology of rBMSCs seeded on
different layers of the CL scaffolds were observed by confocal laser
scanning microscope (CLSM). As shown in Fig. S6, the seeded rBMSCs
were uniformly distributed in each layer of the scaffolds after cultured
for 1 day. In addition, the rBMSCs were well spread with aligned
arrangement to the spiral center along the printing steps, indicating the
CL scaffolds well supported the adhesion of rBMSCs. For the further cell
adhesion and delivery experiment (movie S13), the images of cells after
cultured for 24 h were taken by CLSM. As shown in Fig. 4A. The dis-
tribution density of rBMSCs in the CL scaffolds was gradually enhanced
with the increase of pitches. Moreover, the 3D reconstruction images of
CLSM showed that the rBMSCs in the CL groups were periodically
distributed in spiral ladders, and the cytoskeleton tended to be arranged
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Fig. 4. Adhesion and proliferation activities of rBMSCs in the 3D-printed CL scaffolds with varied pitches. (A) CLSM images of rBMSCs adhered on the scaffolds after
cultured for 24 h, scale bars = 500 pm. (B) Quantitative analysis of rBMSCs adhered on the scaffolds after cultured for 4, 12 and 24 h, respectively (n = 6). (C) The
proliferation activity of rBMSCs in the scaffolds after cultured for 1, 3 and 7 days, respectively (n = 3). (*P < 0.05, **P < 0.01, ***P < 0.001).
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along the printing steps. On the contrary, rBMSCs in the Cross group
were distributed discretely with no obviously oriented arrangement
(Figs. S7A-D). The semicircular polar diagrams and quantitative anal-
ysis of the orientation angle of rBMSCs adhered on the different scaffolds
further showed that the rBMSCs adhered on the CL scaffolds were more
orderly aligned along the printing steps with the pitches increasing,
while rBMSCs adhered on the Cross group were no obviously oriented
arrangement (Figs. S7E-I). Furthermore, as shown in Fig. S8, in the cell
adhesion and delivery assay, the absorption value at 450 nm of the in-
cubation solution of cell counting kit-8 (CCK-8) had a good linearity
linear relationship with the number of cells. Therefore, the relative
adhesion rate of rBMSCs after cultured for 4, 12 and 24 h for the CL
scaffolds was quantitatively analyzed by CCK-8 method. The results
indicated that the initial adhesion rate of the seeded rBMSCs in the CL
scaffolds exhibited positive correlation with pitch and culture time
(Fig. 4B). Especially, the cell adhesion rate of CL scaffolds reached 51.69
+ 2.34% at 24 h, increasing around 0.8 times than that of the Cross
scaffolds (28.65 + 3.88%).

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.09.014.

These may credit to the structure and porosity of the scaffolds. Pre-
vious studies mostly showed that the number of cells adhered on the
scaffolds is largely affected by the surface area of scaffolds [47,48].
However, it was obvious that with the increase of pitches, the porosity of
the CL scaffolds gradually increased. The higher porosity made the
suspended rBMSCs easier to penetrate into the CL scaffolds. Conse-
quently, the cell delivery efficiency of the scaffolds was improved. Be-
sides, compared to the conventional scaffolds with discrete cross-strut
structure, the CL scaffolds were conductive to loading the suspended
rBMSCs because of the consecutive spiral structure. Live/dead staining
assay was conducted to evaluate the viability of rBMSCs seeded in the CL
scaffolds. As shown in Fig. S9. The rBMSCs seeded in the CL scaffolds
maintained high viabilities, indicating that the CL scaffolds had good
biocompatibility and no obvious cytotoxicity. Moreover, the results of
cell proliferation test (movie 14) suggested that the proliferation activity
of rBMSCs in the CL scaffolds was gradually enhanced with the increase
of pitches (Fig. 4C). Similarly, the high porosity of the CL scaffolds,
coupled with the open spiral structure, has been proved to possess
excellent liquid transport performance (Fig. S5), may be also beneficial
for improving the transmission of oxygen and nutrients. Therefore, with
the increasing of pitches, the delivery of oxygen and nutrients may be
increased, and the CL scaffolds could obviously have enhanced cell
proliferation activity [27,49,50]. In addition, due to the layer-by-layer
curing mode of DLP 3D printing, the spiral structure with stepped
characteristic similar to stairs was produced in the CL scaffolds. This
“stair-like” morphology of the scaffolds can mediate the actin, vinculin,
and fibronectin expression of loaded cells, thus affecting their adhesion
and proliferation ability on scaffolds [38,51-54]. Overall, these results
demonstrated the improved cell delivery efficiency of the CL scaffolds.
The CL scaffolds with 3D spiral structure well supported adhesion and
proliferation of the cells, and had good biocompatibility, which could be
applied for efficient cell delivery in bone tissue regeneration.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.09.014.

3.3. Cell migration assay in vitro

Previous studies showed that one of the key strategies of tissue repair
is to guide appropriate cells to migrate to the target site [20,47]. We
supposed that the biomimetic CL scaffolds with spiral structure would
guide and facilitate the directional migration of rBMSCs. Therefore, the
migration capability of rBMSCs in the CL scaffolds was investigated
(movie S14). The rBMSCs were seeded to the bottom of scaffolds
through the cell seeding channel in the peripheral wall, so as to evaluate
the migration of rBMSCs in 10 days. Firstly, CLSM was used to image the
scaffolds after cultured for 1 day to determine the initial position of
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seeded rBMSCs (marked by yellow dotted lines) (Fig. 5A-D). And the
scaffolds after cultured for 10 days were also imaged to determine the
final position of rBMSCs after migrating (marked by yellow solid lines)
(Fig. 5E-H, I-L). Specifically, the initial position of seeded rBMSCs was
around at the bottom of each layer (indicated by red solid lines) for the
CL groups and the third layer (L3) for the Cross group. The migration
capabilities of rBMSCs in Z direction (vertical direction) and XY direc-
tion (horizontal direction) were statistically analyzed by number change
of printing steps and angle change between the initial position and the
final position, respectively (Fig. 5M and N). Fig. 5 showed that
benefiting from the biomimetic spiral structure of the CL scaffolds, the
migration obstruction of rBMSCs was relieved. The spiral sections in the
CL scaffolds could act as the stairs to support cells migrating along Z
direction. With the increase of pitches, rBMSCs in the CL scaffolds
migrated upward more easily along Z direction (Fig. 5B-D, F-H).
Quantitative statistics further suggested that the migration capability of
the CL scaffolds in Z direction was gradually enhanced with the increase
of pitches, and the CL scaffolds with P = 2.4 mm exhibited the optimal
effect on cell migration (Fig. 5M). The migration capability in XY di-
rection showed a similar trend (Fig. 5N). In contrast, the migration of
rBMSCs along Z direction in Cross scaffolds group was constrained. Most
of rBMSCs in the Cross scaffolds only migrated on the horizontal plane of
struts (Fig. 5A, E, M, and N). Thus, the CL scaffolds significantly
enhanced the migration capability of rBMSCs along Z direction, showing
a great potential to guide the endogenous stem cells to directionally
migrate from the proximal part to the distal part. Besides, the rBMSCs in
the CL scaffolds were highly aligned along the direction of printing
steps, while the rBMSCs in the Cross scaffolds exhibited a disordered
arrangement (Fig. 5I-L, Fig. S6, Fig. S7 and Fig. S10). The semicircular
polar diagrams and quantitative analysis of the orientation angle of
rBMSCs adhered on the different scaffolds after migrating for 10 days (in
Fig. 5I-L) further showed a similar trend (Fig. S10) that the rBMSCs
adhered on the CL scaffolds were more orderly aligned along the
printing steps with the pitches increasing, while rBMSCs adhered on the
Cross group were relatively more disordered. Therefore, the CL scaffolds
showed advantages of controlling the distribution of rBMSCs, which
might have a positive effect on the osteogenic differentiation [55-58].
For the results of cell migration assay, this might be caused by the
cohesive migration of rBMSCs populations in the CL scaffolds. In cell
migration assay, rBMSCs with a high density were seeded near the
bottom of different scaffolds (i.e., initial position, Fig. 5A-D). Contact
inhibition and contact stimulation of migration [59,60], might cause
rBMSCs spread on the printing step at the initial position of cell seeded,
and completely cover the surface of the printing step finally. After that,
the unique spiral structure with stepped characteristic of the CL scaffolds
might reduce the difficulty of the movement and migration of rBMSCs,
which is similar to the role of steps in the stairs. So that a small part of
the rBMSCs at the initial position could continue to migrate to the
printing step of the upper layer through the cohesive migration of cell
populations in the CL scaffolds. Then they gradually covered the print-
ing step of the upper layer, and cause the rBMSCs contact each other.
Subsequently, a small part of rBMSCs migrate to the upper printing step
again. Finally, the effect of directional migration along the Z direction
appeared in the spiral structure with stepped characteristic of the CL
scaffolds by the procedure of this cycle (Fig. 5F-H). With the pitches
increasing, rBMSCs could migrate higher and farther in the same time
period (10 days) in the CL scaffolds, compared with the CL scaffolds with
smaller patches and the Cross group (Fig. 5F-H, M—N). On the one hand,
for the CL scaffolds, the width of printing step (i.e., the angle corre-
sponding to each printing step) gradually decreased with the increase of
pitches (Fig. 2B3-D3), and the time of covering a layer of printing steps
would correspondingly decrease theoretically. On the other hand,
rBMSCs also tended to be arranged orderly along the direction of the
printing steps (Fig. 5J-L, and Fig. S10) with the pitches increasing, and
the cytoskeleton of rBMSCs was elongated, which might be beneficial to
the diffusion and spreading of rBMSCs in each printing step by
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Fig. 5. Migration capability of rBMSCs in the 3D-
printed CL scaffolds with varied pitches (serum con-
tent: 5%). (A-D) The representative CLSM images of
the initial position (marked by yellow dotted lines) of
rBMSCs after cultured for 1 day, scale bars = 500 pm.
(The red solid lines represented the bottom position
of spiral circle in the CL scaffolds.) (E-H) The repre-
sentative CLSM images of the final position (marked
by yellow solid lines) of rBMSCs after migrating for
10 days, scale bars = 500 pm. (I-L) The correspond-
ing magnified CLSM images of rBMSCs after
migrating for 10 days, scale bars = 125 pm. Statistical
analysis of cell migration in Z direction (vertical di-
rection) (M) and XY direction (horizontal direction)
(N). (n =5, *P < 0.05, ***P < 0.001). Yellow arrows
showed the direction of a single strut for the con-
ventional cross-strut scaffolds or a printing step for
the CL scaffolds.
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improving the internal tension of the actomyosin cytoskeleton of
rBMSCs. Because most of animal cells were related on the dynamics of
the actomyosin cytoskeleton for motion [59]. These two factors together
led to the more rapidly continuous directional migration of rBMSCs
along the spiral structure with stepped characteristic of the CL scaffolds
with the increase of pitches. In contrast, since the traditional Cross
scaffolds did not have such a transitional structure similar to the spiral
structure with stepped characteristic of the CL scaffolds in the Z direc-
tion, rBMSCs seeded at the initial addition position could only migrate
on the horizontal surface of the solid struts, and migrate to the lower
position of the Cross scaffolds under the action of natural gravity. And it
was hard for rBMSCs in the Cross scaffolds to migrate from the low
position of the Cross scaffolds to the higher position of the struts by
anti-gravity as rBMSCs in the CL scaffolds.

Under conventional culture conditions (10% serum), when rBMSCs
were cultured in the varied scaffolds for 10 days, they could both pro-
liferate and migrate in the scaffolds. Therefore, in the previous cell
scratch migration assays on two-dimensional plates, in order to exclude
the influence of cell proliferation, the cell migration assay can be carried
out in a medium without serum or containing no more than 1% serum,
but usually no longer than 24 h [20]. Considering that in a relatively
long period of 10 days in this work, if such a low serum concentration
culture condition is still used for cell culture in the cell migration assays,
it is undoubtedly unfavorable to maintain the normal state of the seeded
rBMSCs. Consequently, in the cell migration assay (within 10 days), the
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medium with low serum concentration (5% serum, only half of the
conventional experiment) was conservatively selected for the experi-
ment to weaken the influence of cell proliferation on migration as far as
possible. Moreover, in this study, since the Cross group was also cultured
under the same conditions as control, the influence of cell proliferation
could be ignored. It is suggested that the structure of scaffolds plays an
important role for cell migration.

3.4. Cell osteogenic differentiation assay in vitro

Subsequently, to investigate the effect of CL scaffolds on osteogenic
differentiation of rBMSCs (movie S14), quantitative reverse transcrip-
tion PCR (RT-qPCR) technology was used to quantify the expression
levels of bone-related genes: BSP, OCN, Runx2, BMP2 and OPN
(Fig. 6A-E). Generally, compared to the Blank and Cross groups, the CL
scaffolds with P = 2.0 and 2.4 mm significantly enhanced the expression
of osteogenic relative genes in rBMSCs for 7 days. Moreover, alizarin red
S (ARS) staining assay was performed to evaluate the osteogenic dif-
ferentiation of BMSCs in the CL scaffolds in vitro (Fig. S11). On account
of that simple bioceramic scaffolds with no rBMSCs seeded were inevi-
table to be stained by ARS dyes (Fig. S11A;-D;), the absorbance values
of the simple ceramic scaffolds without cells seeded were respectively
deducted from those of the scaffolds with cells seeded to exclude the
effect of the dye absorption of the scaffolds themselves. The digital
photographs (Fig. S11A2-Dp) and the corresponding quantitative
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analysis (Fig. S11E) results indicated that the P = 2.4 group possessed
the best osteogenic differentiation effect as compared with Cross, P =
1.6 and P = 2.0 group. And calcium deposition within rBMSCs in the
scaffolds had much higher density with deeper red color as compared to
the scaffolds themself. Therefore, it was believed that the CL scaffolds
promoted the osteogenic differentiation of rBMSCs. Considering the fact
that the CL scaffolds with P = 2.4 mm performed better in cell adhesion,
proliferation and migration, the CL scaffolds with P = 2.4 mm were
selected for further immunofluorescence testing. As shown in Fig. 6F-H.
The semi-quantitative statistical analysis and images of immunofluo-
rescent protein staining further confirmed that both the expression
levels of early osteogenic marker BSP and late osteogenic marker OCN of
rBMSCs in the CL scaffolds were obviously improved as compared to
those in the Cross scaffolds.

These results indicated that the CL scaffolds could substantially
improve the osteogenic differentiation activity of the cells. It might be
because of the special spiral structure of the CL scaffolds. On the one
hand, the CL scaffolds with P = 2.4 mm were beneficial to the trans-
mission of nutrition and constructed a proper microenvironment to
promote the osteogenic differentiation of rBMSCs. Besides, as the
rBMSCs were aligned along the printing steps, which was contributed to
the osteogenic differentiation [50,51]. Previous studies found that sur-
face topography could regulate osteogenic differentiation of MSCs via
crosstalk between FAK/MAPK and ILK/p-catenin pathways [61]. In
addition, the macro-microstructure would influence the tension of
intracellular skeleton, and then activate signaling pathways such as
Runx2, Wnt, to stimulate osteogenic differentiation [49,53,55,62].

Furthermore, since the composition of the CL scaffolds was well
degradable f-TCP material, which contained two bioactive ions, calcium
ions (Ca®") and phosphate ions (P;). The different 3D structure and
surface morphology of scaffolds might affect the two ions release of
scaffolds. Therefore, we further tested the Ca and P; ions released
behavior of the CL scaffolds in the culture medium according to the
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
(Fig. S12). The results showed that, there was no significant difference
for Ca?* levels among the CL scaffolds with varied pitches in 7 days.
Moreover, there was no large difference for Ca?" levels between the CL
scaffolds and the Cross group. Only in the initial stage, Ca’>" ions
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Fig. 6. The osteogenic differentiation of rBMSCs in
the 3D-printed CL scaffolds with varied pitches after
cultured for 7 days in vitro. (A-E) Quantitative
expression of relative osteogenic genes: BSP (A), OCN
(B), Runx2 (C), BMP2 (D) and OPN (E) of rBMSCs
cultured in different scaffolds for 7 days (n = 4). (F)
The semi-quantitative analysis of BSP and OCN pro-
teins expression (n 3). (G, H) CLSM images of
immunofluorescence staining of relative osteogenic
proteins: BSP (G) and OCN (H), scale bars = 75 pm.
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(*P < 0.05, **P < 0.01, ***P < 0.001).

BSP

released from the CL scaffolds with P = 2.0 mm at 1 and 3 days, and the
CL scaffolds with P = 2.4 mm at 1 day, were slightly increased with
statistical difference as compared to the Cross group. Previous studies
have shown that the dissolved Ca®" ions released from the surface of
calcium phosphate bioceramics seem to play an important role in
influencing cell osteogenic differentiation, which can promote osteo-
genic differentiation via the ERK1/2 pathway [38]. Consequently, in
addition to the structural factors of the CL scaffolds themselves, the
slight increase in the concentration of Ca®* ions released from the GL
scaffolds in the initial stage might be another main reason that the CL
scaffolds with P = 2.0 mm and 2.4 mm significantly promoted the
osteogenic differentiation of rBMSCs. Moreover, we also tested the
release of P; ions. The results showed that there was no significant dif-
ference between the CL scaffolds and the Cross group in the early 1 and 3
days. But the CL scaffolds with P = 1.6 mm and P = 2.0 mm showed a
significant difference in P; ions release levels as compared to the Cross
group at 5 and 7 days, and the P; ion release concentration was signif-
icantly increased. While the CL scaffolds with P = 2.4 mm showed a
slight increase in P; ions release levels as compared to the Cross group at
1, 3, 5 and 7 days with no significant difference. This trend (at 5 and 7
days) was similar to the expression level of OPN gene in RT-qPCR
experiment, indicating that the higher release level of P; ion in late
stage also had a positive effect on osteogenic differentiation of rBMSCs.
Previous studies have showed that phosphate appeared to play only a
secondary role in aiding osteogenic differentiation in contrast to the role
played by Ca®*. And phosphate could induced elevation of OPN gene via
the activation of ERK1/2- and PKC-dependent pathways, while Ca>* was
required for phosphate to activate ERK1/2-dependent pathways [63].
The above results indicated that the unique structure of the CL scaffold
did cause slightly difference in Ca?* and P; ions released from the
scaffolds as compared to the Cross group, and might influence the
osteogenic differentiation of rBMSCs, which may be not the main factor.

3.5. Bioactivity experiments in vivo

After verifying the in vitro bioactivity of the CL scaffolds in vitro, we
developed a half-embedded femoral defect of rabbit model to investigate
the directional bone growth in vivo. Three groups were prepared: Blank,
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Cross scaffolds and CL scaffolds with P = 2.4 mm (movie S15). As shown
in Fig. 7 and Fig. S13, part of the implanted scaffolds was protruded out
of the defects. The digital photograph of the samples suggested that
there was no obvious inflammatory reaction in defects for each group,
and the implanted scaffolds were integrated well with the surrounding
bone tissue (Fig. 7A1-F1, Ay-F3). In addition, as shown in the images
reconstructed by Micro-CT, more new bone tissue (green) was obviously
formed in the CL scaffolds at 8 and 12 weeks, especially in the spiral
cavity of scaffolds, than that in other two groups, indicating that the CL
scaffolds demonstrated the improved ability of inducing bone regener-
ation in vivo (Fig. 7As-F3, A4-F4, and As-Fs). Furthermore, the new bone
tissue in the CL scaffolds was decreasingly formed from the bottom to
top of scaffolds at 8 weeks, while the new bone tissue in the CL scaffolds
was uniformly formed from the bottom to top of scaffolds at 12 weeks.
Interestingly, there was more new bone regenerated in the protruded
part of the CL scaffolds at 12 weeks compared to that at 8 weeks. In
contrast, only a little new bone formed in the conventional Cross scaf-
folds at 8 and 12 weeks, especially less in the protruded part. The results
indicated that the new bone tissue in the CL scaffolds was gradually

8 weeks
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growing along the spiral structure from the bottom to top of scaffolds,
which was like “climbing stairs”. Micro-CT statistical analysis further
suggested that the overall new formed bone volume to the total volume
(BV/TV) ratio (Fig. 7G), and the new trabecular number (Tb. N)
(Fig. 7H) of the CL scaffolds were significantly higher than that of the
Blank and the Cross group at 8 and 12 weeks. For the embedded part, the
BV/TV ratio (Fig. S14A) and Tb. N (Fig. S14B) of the CL scaffolds were
higher than those of the Cross group for the embedded part at 8 and 12
weeks. And there was a significant difference at 8 weeks, while there was
no significant difference at 12 weeks. Especially, the BV/TV ratio of the
protruded part (Fig. 71) of the CL group (~2.5 mm, above the red dotted
line in Fig. 7As-Fs) was generally higher than that of the Cross group at 8
weeks, and obviously higher than that of the Cross group at 12 weeks. It
suggested that the CL scaffolds were able to promote guiding directional
bone regeneration as time goes on.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.09.014.

To further evaluate the bone regeneration effect of the CL scaffolds in
vivo, the histological analysis with Van Gieson’s picrofuchsin (VG)

12 weeks
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Fig. 7. The in vivo bone regeneration of the 3D-printed CL scaffolds in the half-embedded rabbit femoral defects. Digital photograph (A;-F;, Aa-F») (A;-F;: vertical
view, and A, -Fs: side view), 2D Micro-CT images (A3-F3) and 3D Micro-CT reconstruction images (A4-F4, As-Fs) (A4-F4: transverse view, and As-Fs: sagittal view; the
green, red and white color in 3D Micro-CT images represented newly formed bone, scaffolds and primary bone, respectively) of the femoral defects after operated for
8 and 12 weeks in the three groups. The red dotted line indicated the protruded part of the implanted scaffolds, scale bars = 3, 3, 2, 3, 3 mm, respectively. (G-I)
Micro-CT reconstruction analysis. The overall newly formed bone volume to the total volume (BV/TV) ratio (G), the overall new trabecular number (Tb. N) (H), and
the BV/TV ratio of the protruded part (I) at 8 and 12 weeks. (n = 4, *P < 0.05, **P < 0.01, ***P < 0.001).
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staining was performed. As shown in Fig. 8. A little new bone tissue
formed in the Blank group at 8 and 12 weeks, which was only found on
the periphery of the defects (Fig. 8A and D). For the implanted scaffolds,
more new bone tissue was induced, especially in the embedded part of
the CL scaffolds (Fig. 8C and F). Moreover, the embedded parts for the
two kinds of scaffolds were closely integrated with the growing pe-
ripheral bone tissue, indicating the good biocompatibility and osteoin-
tegration of the bioceramic materials (Fig. 8B4, C3, E1, and F;). Notably,
for the embedded part, the CL scaffolds obviously induced more newly
formed bone tissue than the conventional Cross scaffolds at 8 and 12
weeks. What’s more, the new bone tissue was mostly distributed in the
spiral cavities and on the surface of spiral sections in the CL scaffolds,
while it was only distributed on the surface of struts with less content in
the Cross scaffolds (Fig. 8B, C, E, and F). Besides, considerable new bone
tissue was observed in the through macropores of the scaffolds. Simi-
larly, for the protruded part of scaffolds, there was only a little new bone
tissue formed in the Cross scaffolds at 8 and 12 weeks, no matter on the
surface of struts or in the through macropores (Fig. 8G and I). In com-
parison, the CL scaffolds obviously guided more newly formed bone
growing to the top of the scaffolds compared with the Cross scaffolds at 8
and 12 weeks (Fig. 8H and J). A large amount of new bone tissue was
formed in the spiral cavity of the protruded part in the CL scaffolds at 12
weeks.

These results suggested that the CL scaffolds with spiral structure

Embedded part
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demonstrated better effect on bone regeneration and could well guide
the directional bone growth from the bottom to top of scaffolds with
time prolonging. This might be attributed to the special spiral structure
of the CL scaffolds. Previous studies had shown that the macro and micro
structures of biomaterials would significantly affect the behaviors of
stem cells [62]. Introducing different natural biomimetic structures into
bone tissue engineering scaffolds would exhibit varied effects on cell
behavior and tissue regeneration, such as the lotus root-like biomimetic
materials, hot dog-like biomaterials, and Haversian bone-mimicking
scaffolds [64-66]. For the CL scaffolds, with the spiral structure, the
scaffolds could well guide and promote the migration of endogenous
rBMSCs from the bottom to the top of scaffolds, and enhance the sub-
sequent proliferation as well as osteogenic differentiation. Besides, ideal
bone tissue engineering scaffolds should be interconnected to ensure the
effective exchange of oxygen and nutrients in the bone formation pro-
cess [13,22,24-26]. The open architecture of the CL scaffolds could well
improve the interconnectivity, the transmission of nutrients and the
in-growth of new bone tissue, which may collectively promote the
directional growth of bone tissue guided by CL scaffolds from the
proximal part to the distal part. However, it should be pointed out that
osteoblast differentiation study has not been conducted in vivo experi-
ments, which should be further investigated for such implanted bio-
ceramic scaffolds in the future research. Moreover, considering the
significant differences in physiological conditions in vivo and in vitro, cell

Protruded part

Cross

8 weeks

12 weeks

Fig. 8. Histological analysis to evaluate the new bone formation in both embedded and protruded part of the CL scaffolds after implanted for 8 and 12 weeks. (A;-F;)
VG staining images of the embedded parts after 8 (A;-C;) and 12 (D;-F;) weeks of operation, scale bars = 2 mm. (G1-J;) VG staining images of the protruded parts
after 8 (G, Hy) and 12 (I, J;) weeks of operation, scale = 2 mm. (Ay-J») Magnified images of the marked region in A;-J;, scale bars = 200 pm. Red for new bone,
black for scaffolds, and blue arrows evidently pointed to the newly formed bone tissue.

138



B. Feng et al.

behaviors in vivo such as migration and proliferation also need to be
further studied in future work.

4. Conclusion

In summary, we successfully prepared the CL bioceramic scaffolds
with spiral structure through DLP-based 3D printing technology, which
showed great potential for guiding the directional bone growth. Firstly,
the morphology, structure, porosity and mechanical properties of the
scaffolds could be flexibly and accurately controlled by model design.
Secondly, compared with the conventional cross-strut scaffolds, the CL
scaffolds could improve material transport ability and enhance the
biological behaviors of seeded rBMSCs including adhesion, proliferation
and osteogenic differentiation in a pitch-dependent manner. Particu-
larly, the CL scaffolds could guide the cells to migrate along the vertical
direction, which was like “cells climbing stairs”. Moreover, the scaffolds
well guided the bottom-up directional bone growth and enhanced bone
regeneration in vivo. Therefore, our study suggested that the 3D-printed
CL scaffolds would be a promising candidate for repairing severe bone
defects, and even limbs. Furthermore, this study offered a promising
strategy for the design and manufacture of biomimetic materials for
complex tissue regeneration.
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