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ARTICLE INFO ABSTRACT
Keywords: Engineering a complete, physiologically functional, periodontal complex structure remains a great clinical
Biomimetic design challenge due to the highly hierarchical architecture of the periodontium and coordinated regulation of multiple
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Periodontium regeneration

growth factors required to induce stem cell multilineage differentiation. Using biomimetic self-assembly and
microstamping techniques, we construct a hierarchical bilayer architecture consisting of intrafibrillarly miner-
alized collagen resembling bone and cementum, and unmineralized parallel-aligned fibrils mimicking peri-
odontal ligament. The prepared biphasic scaffold possesses unique micro/nano structure, differential mechanical
properties, and growth factor-rich microenvironment between the two phases, realizing a perfect simulation of
natural periodontal hard/soft tissue interface. The interconnected porous hard compartment with a Young’s
modulus of 1409.00 + 160.83 MPa could induce cross-arrangement and osteogenic differentiation of stem cells in
vitro, whereas the micropatterned soft compartment with a Young’s modulus of 42.62 + 4.58 MPa containing
abundant endogenous growth factors, could guide parallel arrangement and fibrogenic differentiation of stem
cells in vitro. After implantation in critical-sized complete periodontal tissue defect, the biomimetic bilayer ar-
chitecture potently reconstructs native periodontium with the insertion of periodontal ligament fibers into newly
formed cementum and alveolar bone by recruiting host mesenchymal stem cells and activating the transforming
growth factor beta 1/Smad3 signaling pathway. Taken together, integration of self-assembly and microstamping
strategies could successfully fabricate a hierarchical bilayer architecture, which exhibits great potential for
recruiting and regulating host stem cells to promote synergistic regeneration of hard/soft tissues.
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1. Introduction

The periodontium, a hierarchically organized organ comprising
intercalated hard mineralized (bone and cementum) and soft unminer-
alized (periodontal ligament) tissues, provides mechanical and physical
support to the teeth. As one of three major oral diseases listed by the
World Health Organization, periodontitis caused by plaque microor-
ganisms not only destroys the periodontal tissues and eventually leads to
tooth loss but also impairs general health [1]. Regeneration of peri-
odontal tissues remains challenging because it is difficult to reconstruct
the sophisticated mineralized/unmineralized hierarchical architecture
of periodontal tissue [2]. Novel tissue engineering strategies that
combine biodegradable scaffolds with growth factors exhibit great po-
tential in regenerative medicine [3]. Growth factor delivery and the
physiological environment provided by biomimetic scaffolds can
contribute to the regulation of periodontal and mesenchymal stem cell
migration, proliferation, differentiation, chemotaxis, and extracellular
matrix (ECM) production, giving rise to a promising therapeutic
approach for periodontal regeneration [4].

A variety of scaffolds loaded with biological factors have been
developed, e.g., a supramolecular hydrogel Nap-Phe-Phe-Tyr-OH coas-
sembled with stromal cell-derived factor 1 and bone morphogenetic
protein 2 (BMP2) was found to synchronously and continuously release
the two bioactive factors to effectively promote reconstruction of peri-
odontal bone tissue [5]. However, in the majority of previous studies,
only monophasic scaffolds were fabricated, thus limiting their applica-
tion to single tissue regeneration. It is not possible to regenerate complex
multiphase tissues, such as periodontal tissue, using a simple mono-
phasic architecture [6,7]. Multiphasic constructs, recapitulating the
native periodontium architecture with distinctly different physical and
chemical properties, have been advocated for periodontal tissue regen-
eration. Based on the principle of guided tissue regeneration, multi-
phasic scaffolds have been fabricated to simulate soft/hard tissue
interfaces, which include a semi-rigid polylactide-co-glycolide acid and
calcium phosphate-based bilayered biomaterial [8], a biomimetic
hybrid bilayer of polycaprolactone and poly (glycolic acid) [9], and a
triphasic hydrogel scaffold consisting of chitin-poly (lactic-co-glycolic
acid)/nanobioactive glass ceramic/cementum protein [10]. Recently,
3D rapid prototyped scaffolds could tailor mechanical, mass transport
and architectural features as well as with integrated functionalities for
complex tissue regeneration [11-13]. Although previously reported
multiphasic scaffolds mimicking the differential structure and mechan-
ical characteristics of periodontal tissue could yield a periodontium-like
structure to a certain degree, complete, functional periodontium
regeneration (including both hard and soft tissues) remains challenging.
In addition, there have been little reports mentioned the simulation of
the hierarchical micro/nano structure and unique growth factor
microenvironment of the periodontium; debate remains regarding the
mechanism underlying multilineage differentiation of stem cells to form
soft and hard tissues.

Periodontal tissue regeneration should meet the following three
prerequisites: (i) construction of a mineralized/unmineralized diphasic
scaffold with distinct mechanical properties, (ii) fabrication of a hier-
archical micro/nano topology to simulate the natural periodontium
structure, and (iii) provision of differentiated growth factors to recruit
host mesenchymal stem cells and induce multilineage differentiation.
Recently, we successfully developed an intrafibrillarly mineralized
collagen (IMC) scaffold exhibiting excellent mechanical properties,
biocompatibility, and biodegradability [14-16]. This biomimetic IMC
scaffold was shown to regulate and determine the fate of periodontal
ligament stem cells (PDLSCs) and bone marrow stromal cells, and
exhibited excellent bone regeneration potential [17-19]. However, only
achieving bone regeneration is insufficient to support the reconstruction
of periodontal tissue, and regeneration of the periodontal ligament, an
unmineralized soft tissue, is equally important. Concentrated growth
factor (CGF), belonging to a novel generation of platelet concentrate
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products, can potentially participate in the regeneration of soft tissue,
which is rich in various endogenous growth factors, leukocytes, and
CD347 cells within a fibrin network [20]. With the help of the fibrin
network, CGF is thought to coagulate into an unmineralized soft scaffold
for periodontal ligament regeneration. Moreover, abundant endogenous
growth factors can further regulate cell fate [21-23]. High levels of
endogenous growth factors, such as platelet-derived growth factor-BB
(PDGF-BB), transforming growth factor beta 1 (TGF-f1), vascular
endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1),
and basic fibroblast growth factor (bFGF), are involved in soft and hard
tissue regeneration [24]. In the present study, a biomimetic bilayer ar-
chitecture consisting of IMC scaffold (resembling bone and cementum)
and unmineralized collagenized-CGF fibrils arranged in parallel
(mimicking periodontal ligament) was synthesized via the integration of
self-assembly and microstamping techniques. This hierarchical archi-
tecture contained a stable and distinct diphase interface. The hard tissue
compartment with interconnected pores could induce an osteoblast-like
arrangement and osteogenic differentiation of PDLSCs. Meanwhile, the
soft tissue compartment with micropatterned CGF fibrils could release
endogenous growth factors, such as TGF-p1 and VEGF, to orient PDLSCs
into a fibroblast-like arrangement and guide fibrogenic differentiation.
At 8 weeks after implantation, the biomimetic bilayer architecture
potently reconstructed native periodontium by recruiting host mesen-
chymal stem cells and activating the TGF-f1/Smad3 pathway.

2. Materials and methods
2.1. Fabrication of hierarchical CGF/IMC bilayer architecture

Parallel-aligned CGF arrays were produced using a microstamping
technique. Briefly, 8 mL of blood sample was separately drawn from
nine volunteers by venipuncture of the antecubital vein, collected into
sterile Vacuette tubes with white cap (Greiner Bio-One, GmbH, Austria)
without anticoagulant solutions, and immediately centrifuged (Medi-
fuge, Silfradentsrl, Sofia, Italy) in a built-in program. The protocols were
approved by Ethics Committee of Peking University School of Stoma-
tology (PKUSSIRB-201951179). Then, the upper liquid phase and the
lower red blood cell phase were formed. After the top 2 mL of the upper
liquid phase was removed, CGF was collected, including the remaining
upper liquid phase and the top 3 mm of red blood cell phase (Fig. S1).
After being aspirated and mixed evenly, CGF was mixed with type I
collagen (Corning, 0.5 mg mL ') at a 1:2 v/v ratio, and the mixture was
coated onto microstamping models with width interval of 50 pm
(Fig. S2). After coagulation for 30 min at room temperature, stable and
parallel-aligned CGF arrays were obtained. To verify the stability of
parallel-aligned CGF arrays, pure CGF and collagen-reinforced CGF were
immersed into the culture medium for 2 days, and then observed by a
Zeiss light microscope.

The porous IMC scaffold was fabricated by a biomimetic self-
assembly approach as previously described [14-16]. Briefly, type I
tropocollagen solution (Corning) was reconstituted in a dialysis flask
(3500 Da), immersed in a mineralization solution at 37 °C for 7 days.
Then, the mineralized collagen was formed a just-castable suspension,
poured into the molds, frozen overnight at —40 °C and lyophilized to
form sponge-like porous scaffolds.

The parallel-aligned CGF arrays were imprinted onto the porous IMC
layer to achieve combination and compatibility between the IMC phase
and the CGF phase, quickly frozen in liquid nitrogen and lyophilized to
obtain the CGF/IMC bilayer scaffold. To enhance stabilization, the CGF/
IMC bilayer scaffolds were cross-linked with 0.3 M 1-ethyl-3-(3-dime-
thylaminopropyl)-carbodiimide and 0.06 M N-hydroxysuccinimide for
4 h and rinsed alternately in 1 wt% glycine solution and deionized water
for three times.
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2.2. Scanning electron microscopy (SEM)

The microstructure of the CGF/IMC bilayer scaffold was observed
using SEM (Hitachi S-4800, Japan). The samples were dehydrated in a
graded series of ethanol (50 %-100%) and critical-point dried, and then
sputter-coated with gold for 2 min at 20 mA.

2.3. Laser scanning confocal microscope (LSM)

The microstructure of the CGF layer and the IMC layer was observed
by LSM (LSM-710, Zeiss). Before the process of microstamping, quantum
dots with autofluorescence were mixed with collagen-reinforced CGF.
The IMC layer was incubated with the primary antibodies against COL-1
(Abcam) at 1:200 dilution for 2 h and tetramethylrhodamine
isothiocyanate-conjugated secondary antibodies (TRITC, Zhongshan
Golden Bridge Biotechnology) for 1 h. After washing thrice, the sample
was mounted with mounting media not containing 4’,6-diamidino-2-
phenyl-indole (DAPI) and viewed by LSM-710.

2.4. Atomic force microscopy (AFM)

The nanomechanical properties of the CGF layer and the IMC layer
were tested using AFM (Dimension Icon, Bruker, USA). Under ambient
condition (room temperature), the CGF layer and the IMC layer were
separately assembled onto freshly cleaved mica, and at least three
scanning areas were performed in each layer. The obtained property
maps with 512 x 512 pixels were analyzed using NanoScope 18 soft-
ware. Data for statistical analysis was collected from at least three in-
dependent samples.

2.5. Transmission electron microscopy (TEM)

The nanostructure of IMC and CGF was characterized by TEM (JEOL
JEM-1011). The samples were embedded in epoxy resin, sectioned with
an ultramicrotome, and collected on TEM grids. Before observation, CGF
fibrils were stained with uranyl acetate and lead citrate.

2.6. Thermogravimetric analysis and differential scanning calorimetry
(TGA/DSC)

The mineral content in IMC was determined by TGA/DSC (TGA/DSC
3+, Mettler Toledo) in the temperature range from room temperature to
800 °C at a heating rate of 10 °C/min in nitrogen. The lyophilized IMC
and pure collagen scaffolds were cut into small pieces and about 5 mg of
samples were used for measurement.

2.7. Growth factor expression of the CGF/IMC bilayer architecture

The expression of two important growth factors in the CGF/IMC
bilayers was detected by immunofluorescent staining of the CGF layer
and cross-sections of the CGF/IMC bilayers. After fixed by 4% para-
formaldehyde for 30 min, the samples were washed thrice, and blocked
with bovine serum albumin (5% w/v) for 1 h. Then, the samples were
incubated with the primary antibodies against TGF-$1 (Abcam), PDGF-
BB (Affinity) and VEGF (Abcam) at a 1:200 dilution for 2 h. Fluorescein
isothiocyanate-conjugated secondary antibodies (FITC, Zhongshan
Golden Bridge Biotechnology) were used to bind primary antibodies for
1 h at room temperature. After washing thrice, the samples were
mounted with mounting media not containing DAPI and viewed by LSM-
710.

Further, the release profile of TGF-p1 and VEGF from the CGF/IMC
bilayers was investigated in vitro. Three CGF/IMC bilayer scaffolds were
separately incubated with 2 mL culture medium (Dulbecco’s modified
Eagle medium with 1% penicillin/streptomycin) at 37 °C for 14 days.
The supernatant was collected at 1, 3, 5, 7, 9, and 14 days, and an equal
volume of fresh medium was immediately supplemented. All collected
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supernatants were quantified using enzyme-linked immunosorbent
assay kits (R&D systems).

2.8. Human PDLSC isolation and identification

Isolation of human primary PDLSCs was performed as previously
described [42]. In brief, periodontal ligament was scratched from root
surface and digested in a mixture of 4 mg mL ™! dispase II (Solarbio) and
3 mg mL! type I collagenase (Sigma) for 1 h at 37 °C. Then, the
single-cell suspensions were used for cell culture and the obtained
PDLSCs were used at the fourth passage. All protocols were approved by
Ethical Committee of Peking University School of Stomatology (PKUS-
SIRB-201951179). To identify multidirectional differentiation ability of
obtained PDLSCs, cells were cultured in osteogenic differentiation con-
dition medium for 7 days and 14 days, and stained with alkaline phos-
phatase (ALP) and Alizarin Red. Cells were cultured in adipogenic
differentiation condition medium for 14 days, and stained with Oil Red
0.

2.9. Cell counting kit-8 assay

Biocompatibility of the CGF/IMC scaffolds was determined using the
Cell Counting Kit-8 assay (CCK-8). Human PDLSCs identified were
seeded on the CGF/IMC scaffolds on days 1, 3, 5. Quantification was
performed with a microplate reader of optical density (OD) value at 450
nm according to the manufacturer’s protocol.

2.10. Immunofluorescent staining

To investigate the respective biological effects between the CGF
phase and the IMC phase, the binary CGF/IMC scaffolds were divided
into monophasic, two-dimensional slices. Human PDLSCs were seeded
separately onto the CGF and IMC slices for 1 day, and cell morphology
was evaluated by immunofluorescent staining. The samples were fixed
in 4% paraformaldehyde for 30 min, permeabilized with 0.25% Triton-X
for 15 min, and blocked by bovine serum albumin (5% w/v) for 1 h.
Subsequently, cells were stained with Alexa Fluor 488 Phalloidin (F-
actin) for 1 h. After washing with phosphate buffered saline (PBS), the
cells were mounted with mounting media containing DAPI and viewed
by LSM 710.

2.11. Quantitative real-time polymerase chain reaction (RT-PCR)

To investigate cell multilineage differentiation on the CGF/IMC
biphasic scaffold in vitro, human PDLSCs were cultured onto the CGF and
the IMC slices with fibrogenic differentiation conditioned medium
(regular medium supplemented with 100 ng mL~! recombinant human
connective tissue growth factor and 50 pg mL™! ascorbic acid) for 7
days, and osteogenic differentiation conditioned medium (regular me-
dium supplemented with 10”7 M dexamethasone, 10 mM p-glycer-
ophosphate and 0.05 mM ascorbic acid 2-phosphates) for 14 days
separately. Quantitative RT-PCR was applied to evaluate the expression
of fibrogenic differentiation gene markers (Postn and elastin), osteogenic
differentiation gene markers (Runx2 and OPN). Total RNA was extracted
with Trizol reagent (Invitrogen) and synthesis of cDNA was performed
using SuperScript III One-Step RT-PCR System with Platinum Taq High
Fidelity (Invitrogen). Quantitative RT-PCR was performed on a 7500HT
Fast Real Time PCR using SYBR Green (Invitrogen). The primers syn-
thesized were as follows:

Human-GAPDH GGAGCGAGATCCCTCCAAAAT and GGCTGTTGTC
ATACTTCTCATGG

Human-Postn TGGAGAAAGGGtAGTAAGCAAGG and TTCAAGTAGG
CTGAGGAAGGTG

Human-Elastin AAAGCAGCAGCAAAGTTCGG and ACCTGGGACAAC
TGGAATCC
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Human-Runx2 CACTGGCGCTGCAACAAGA and CATTCCGGAGCTC
AGCAGAATAA
Human-OPN CAGTTGTCCCCACAGTAGACAC and GTGATGTCCTCG
TCTGTGCATC

2.12. Western blotting

Western blotting was performed according to our previously pub-
lished protocols [25]. Briefly, Cell lysate proteins were harvested by
RIPA Buffer (Thermo Fisher Scientific), separated by 10% SDS-polya-
crylamide gel electrophoresis, and then transferred to polyvinylidene
difluoride membranes and blocked in 5% nonfat milk. The membranes
were separately probed with corresponding primary antibodies against
GAPDH (1:1000, Proteintech), POSTN (1:1000, Abcam), ALP (1:500,
Affinity), SP7 (1:1000, Abcam), TGF-pl1 (1:1000, Abcam), Smad3
(1:1000, CST) and p-Smad3 (1:1000, CST) overnight at 4 °C. Membranes
were washed three times in TBS with 0.1% Tween-20, incubated with an
HRP-conjugated secondary antibody for 1 h, and imaged by an Odys-
sey® Imaging System. Quantitative analysis was performed by ImageJ
software.

2.13. Rat complete periodontal defect model

Forty male Sprague-Dawley rats (200-220 g, 8 weeks old) were
randomly divided into four groups including the Blank, CGF,
CGF-DBBM and CGF/IMC groups (n = 10). After anaesthetized and
disinfected, the buccal alveolar bone, periodontal ligament and root
surface of the mandibular first molar were removed with round burs and
the periodontal defect (5 mm x 4 mm x 1 mm) was created. After 4 or 8
weeks, rats were sacrificed by over-anesthesia, and the right mandibles
were obtained and fixed with 10% formalin. All animal procedures were
approved by Peking University Institutional Animal Care and Use
Committee (No. LA2019072). According to periodontal fenestration
defect models in previous studies [43], we removed all the buccal
alveolar bone, periodontal ligament, and cementum, and the root sur-
face could be seen. For Blank group, the periodontal defect area was
filled without any scaffolds and covered with Bio-Gide® membrane. For
experimental groups, the periodontal defect region was filled with CGF,
CGF-DBBM and CGF/IMC scaffolds respectively, and covered with
Bio-Gide® membrane.

2.14. Subcutaneous ectopic regeneration model in immunodeficient mice

To further confirm the functional role of the CGF/IMC biphasic
scaffold in the recruitment and multi-lineage differentiation of host
MSCs, the CGF-DBBM and the CGF/IMC scaffolds were implanted into
subcutaneous pockets on the back of immunodeficient mice (20-25 g,
6-8 weeks old). After 8 weeks of implantation, all scaffolds were ob-
tained and fixed with 4% paraformaldehyde for histochemical staining
and SEM observations.

2.15. Microcomputed tomographic (micro-CT) analysis

All fixed samples were scanned with a micro-CT system (Skyscan
1174, Bruker, Belgium) at 53 kV and 810 pA. The NRecon and CTvox
software were used for three-dimensional image reconstruction. The
region of interests of entire alveolar bone defect area was selected
semiautomatically, and the bone volume and thickness of the newly
formed alveolar bone were measured by the CTAn software (Bruker).

2.16. Histological staining assessment

The samples were demineralized in 10% ethylenediaminetetraacetic
acid and embedded in paraffin. Serial 5 pm-thick horizontal sections
were prepared and stained with HE and Masson’s trichrome staining
according to standard procedures. The formation and organization of
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regenerated tissues were observed using a Zeiss light microscope and
evaluated from at least 5 randomly selected fields from each specimen
with Image Pro Plus software. New alveolar bone formation was defined
as the bone island observed within defect area. Percentage of new bone
formation was calculated by dividing the area of new bone with the area
of the defect. New cementum was defined as the mineralized tissue
formed on the denuded root surface with collagen fibers inserted. The
percentage of new cementum covering the denuded root surface was
calculated by dividing the length of root surface with new cementum
with the length of the whole denuded root surface. The percentage of
new periodontal ligament was calculated by dividing the length of root
surface with functional periodontal ligament attachment with the length
of the whole denuded root surface.

For immunofluorescent staining, selected sections were subjected to
antigen retrieval using 0.125% trypsin and 20 pg mL~! proteinase K at
37 °C for 30 min, blocked with 5% bovine serum albumin for 1 h, and
subsequently incubated with primary antibodies against CD90 (BD
Pharmingen), CD105 (Abcam) and TGF-$1 (Abcam) at 1:200 dilution
overnight at 4 °C. Next, FITC and TRITC secondary antibodies were
simultaneously used to bind primary antibodies for 1 h. After washing
thoroughly with PBS, the samples were mounted with mounting media
containing DAPI and viewed by LSM-710. For immunohistochemistry
staining, selected sections were deparaffinized, blocked and incubated
with primary antibodies against CD146 (Abcam), STRO-1 (eBioscience),
OCN (Abcam), BMP2 (Abcam), COL-1 (Abcam), VEGFR-1 (Abcam),
TGF-B1 (Abcam) and Smad3 (Abcam) at 1:200 dilution overnight at
4 °C. Following by washing, the samples were incubated with horse-
radish peroxidase-conjugated secondary antibodies (Zhongshan Golden
Bridge Biotechnology). Each group was composed of more than 3 slides
and observed under a Zeiss light microscope.

2.17. Statistical analysis

All semi-quantitative data were obtained from at least three samples
and/or three independent experiments and expressed as mean + stan-
dard deviation. Statistical differences were evaluated by Student’s t-test
(between two groups) and one-way analysis of variance (ANOVA) with
Tukey’s post-hoc multiple comparisons test (among three groups) using
GraphPad Prism 5 (GraphPad Software Inc.). The differences were
considered statistically significant at a = 0.05.

3. Results

3.1. Fabrication and characterization of a mineralized/unmineralized
bilayer architecture with hierarchical nanostructures

A periodontium-like biphasic scaffold was fabricated in two steps:
biomimetic self-assembly of collagen fibrils and nanohydroxyapatites to
form a porous IMC scaffold, followed by microstamping of CGF arrays on
the surface of interconnected IMC scaffolds and transformation into
parallel-aligned fibrils after coagulation (Fig. la, Fig. S1, S2). To
improve the compatibility between the IMC and CGF phases, collagen at
1:2 v/v ratio was mixed with CGF during the microstamping process to
suppress phase separation. The collagen-reinforced CGF fibrils further
improved the stability in aqueous solution (Fig. S3). Energy dispersive X-
ray spectroscopy (EDS) demonstrated the element content of CGF was
mainly composed of organic C, O and N, indicating unmineralized fi-
brils; whereas IMC mainly contained organic C, O and N, and inorganic
Ca and P (Ca/P = 1.53), indicating mineralized collagen (Figs. S4a and
b). The mineral content in IMC was further determined by TGA/DSC
(Figs. S5b and c). The results showed that the residual mass of IMC and
pure collagen was 44.86% and 27.69% respectively. The similar DSC
curves of IMC and pure collagen indicated that collagen degradation
occurred in IMC, and the mineral proportion of IMC was calculated as
about 17.17%. Chemical composition analysis revealed that both CGF
and IMC presented strong amide I, II, and III peaks. A symmetric PO2’
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Fig. 1. Fabrication and characterization of a mineralized/unmineralized bilayer architecture. a) Schematic illustration for fabrication of hierarchical CGF/IMC
biphasic scaffolds. b) SEM and LSM images of the CGF layer and the IMC layer in top-down view. ¢) SEM and LSM images of the interface of hierarchical CGF/IMC
bilayers in side view. Yellow open arrowheads and white dot lines indicate interface of CGF/IMC (~150 pm). d) TEM and AFM nanostructures, and Young’s modulus
of the CGF layer and the IMC layer. CGF fibrils are parallel-aligned and IMC possesses typical D-periods (~67 nm, between two yellow open arrowheads). Selected
area electron diffraction shows that the nano-hydroxyapatites in IMC exhibit a perfect crystalline structure, with c-axes preferentially orienting along the collagen

axis (inset). ***: P < 0.001.

stretching band at 1092 cm ™! appeared in the CGF layer, ascribing to the
phospholipids in the platelet membrane [26]. Obvious bands at 1030
em ™}, 600 cm ™, and 560 cm ™! appeared in the IMC layer, showing the
presence of apatitic phosphate (Figs. S4c and d).

In top view, the unmineralized CGF layer exhibited a periodic par-
allel arrangement similar to the structure of periodontal ligament with a
gap width of 50 pm; and the IMC layer possessed highly interconnected
and uniform pores (153.7 + 8.8 pm in diameter), as shown by SEM
(Fig. 1b). In addition, the immunofluorescence results also indicated
that the CGF layer had a parallel alignment with a uniform gap width of
50 pm, and the IMC layer had interconnected and uniform pores, similar
to the SEM observations (Fig. 1b). Cross-sectional images showed a clear
and well-defined interface between the two layers. The addition of
collagen to the CGF phase improved compatibility with IMC, and the
edge of the coagulated CGF fibrils penetrated the surface of the IMC
scaffold such that mechanical interlocking and cohesion could be
observed in side view (Fig. 1c, Fig. S1c). To further confirm whether the
mineralized/unmineralized bilayers could successfully simulate the
periodontal soft/hard tissue, TEM and AFM were applied to determine
the hierarchical nanostructures and mechanical properties of each single
phase. The results (Fig. 1d) showed that the CGF layer, with parallel-
aligned fibrils (79.92 + 19.35 nm), had a much lower Young’s
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modulus of 42.62 + 4.58 MPa, similar to that of natural periodontal
ligament [27]. By contrast, the IMC layer, with the typical D-periods and
nano-hydroxyapatites mainly depositing inside the collagenous gap re-
gions [14], had a much higher Young’s modulus of 1409.00 + 160.83
MPa, similar to that of natural alveolar bone (Fig. 1d, Fig. S5a) [28]. By
applying 50 cycles of uniaxial compression in wet conditions,
compressive stress-strain curve was obtained for 3D CGF/IMC and
elastic modulus was calculated as 137.60 + 54.13 KPa (Fig. S4e), similar
to that of 3D IMC [18].

3.2. The growth factor-rich microenvironment of the CGF/IMC bilayer
architecture

To investigate whether the mineralized/unmineralized bilayers
could effectively construct different growth factor microenvironments
to initiate periodontal soft and hard tissue regeneration, immunofluo-
rescent staining of the CGF layer and cross-sections of the CGF/IMC
bilayers was performed to detect growth factors in the CGF/IMC bi-
layers. The results showed that TGF-$1 and VEGF were highly expressed
in the CGF layer and at the interface of the two phases, with almost no
expression in the IMC layer (Fig. 2a). CGF also contained a high level of
PDGEF-BB (Fig. S1a). To further investigate the sustained and controlled
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Fig. 2. Growth factor-rich microenvironment and cell regulation of the hierarchical CGF/IMC bilayer architecture in vitro. a) Inmunofluorescent staining of TGF-f1
and VEGF in the CGF layer and cross-sections of the CGF/IMC bilayers. b) In vitro cumulative release of TGF-p1 and VEGF from the CGF/IMC bilayers for 14 days. c)
CCK-8 assay. d) Cell arrangement in the parallel-arranged CGF (P-CGF), random-arranged CGF (R-CGF) and IMC layers at 1 day. e) mRNA expression levels of
fibrogenic differentiation-related genes (Postn and elastin) in PDLSCs cultured on P-CGF and R-CGF at 7 days, and osteogenic differentiation-related genes (Runx2 and
OPN) in PDLSCs cultured on 6-well plate (Control) and P-CGF at 14 days. f) Western blotting of POSTN in P-CGF and R-CGF at 7 days. g) mRNA expression levels of
osteogenic differentiation-related genes (Runx2 and OPN) in PDLSCs cultured on 6-well plate and IMC at 14 days, and fibrogenic differentiation-related genes (Postn
and elastin) in PDLSCs cultured on 6-well plate and IMC at 7 days. h) Western blotting of SP7 and ALP in PDLSCs cultured on 6-well plate and IMC at 7 days. i, j)
Western blotting of TGF-p1, Smad3 and p-Smad3 in PDLSCs cultured on 6-well plate and CGF/IMC at 3 days. *: P < 0.05; **: P < 0.01; ***: P < 0.001.

release of growth factors by collagen-reinforced CGF fibrils, the super-
natant was collected at different times (1, 3, 5, 7, 9, and 14 days), and
quantitative analyses were performed using enzyme-linked immuno-
sorbent assay kits. The in vitro cumulative release rate curve showed that
TGF-B1 and VEGF could be released continuously for 14 days with the
slow disintegration of CGF fibrils (Fig. 2b) [29]. CCK-8 assay indicated
the good biocompatibility of the CGF/IMC bilayer scaffold, which pro-
moted PDLSC proliferation with more than three times from day 1 to day
5 (Fig. 2¢).
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3.3. Cell regulation with the hierarchical CGF/IMC bilayer architecture in
vitro

To verify the respective biological effects between the CGF phase and
IMC phase, the binary scaffold was divided into monophasic, two-
dimensional slices, and identified human PDLSCs (Fig. S6) were
seeded separately onto CGF and IMC slices to investigate cell behaviors.
The biological benefits of the parallel-arranged superstructure in the
CGF layer were taken into consideration, and a disordered layer with
random deposition of CGF fibrils was fabricated as a control. Compared
with randomly arranged CGF, parallel CGF fibrils could attract more
PDLSCs to form a fibroblast-like morphology with an oriented
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arrangement in 1 day (Fig. 2d). Quantitative RT-PCR showed that the
relative mRNA expression levels of two fibrogenic differentiation-
related genes, periostin (Postn) and elastin, were significantly upregu-
lated in the parallel-aligned CGF group after 7 days of incubation
(Fig. 2e). Moreover, parallel-aligned CGF increased the protein expres-
sion level of POSTN after 7 days of incubation as revealed by Western
blotting (Fig. 2f). By contrast, two osteogenic differentiation-related
genes, runt-related transcription factor 2 (Runx2) and osteopontin (OPN),
were not highly expressed in the parallel-aligned CGF group. Interest-
ingly, the interconnected IMC layer could trap PDLSCs with cross-
arrangement through a porous structure (Fig. 2d). In the IMC layer,
the osteogenic differentiation-related genes, Runx2 and OPN, were

ad Periodontal defect
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significantly upregulated in human PDLSCs after 14 days of incubation
(Fig. 2g), whereas the expression levels of fibrogenic differentiation-
related genes (Postn and elastin) were relatively low. Western blotting
further confirmed the promoting effect of IMC on osteogenic differen-
tiation, with enhanced expression of early osteogenic differentiation-
related proteins SP7 and ALP in human PDLSCs after 7 days of incuba-
tion (Fig. 2h).

To uncover the potential mechanism underlying the CGF/IMC
biphasic scaffold, TGF-f1, as an important factor for PDLSC proliferation
and periodontal maintenance and regeneration [30], was detected by
Western blotting (Fig. 2i). It was shown that the protein expression level
of TGF-f1, were significantly upregulated in human PDLSCs cultured on
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Fig. 3. In situ multilineage differentiation of the CGF/IMC bilayer architecture. a) Scheme of the transplantation of the CGF/IMC bilayer into rat periodontal tissue
defects. b) Surgical images of periodontal defects and the CGF/IMC bilayer implantation. ¢) Micro-CT, HE and Masson’s trichrome staining of cross-sections of
periodontal defect repair at 4 weeks. White line indicates defect boundary in micro-CT images. D: dentin, PDL: periodontal ligament, AB: alveolar bone, S: scaffold,
BM: bone marrow, V: vessel. d) Semi-quantitative analysis of newly formed alveolar bone, cementum and periodontal ligament percentage in micro-CT and HE
images. *: P < 0.05 versus Blank, #: P < 0.05 versus CGF, &: P < 0.05 versus CGF-DBBM.
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CGF/IMC for 3 days. The phosphorylation and expression of Smad3,
downstream of the TGF-f1 signaling pathway, were also elevated in
PDLSCs on day 3 (Fig. 2j). Similarly, Gu et al. showed TAZ promoted
human PDLSC osteogenic differentiation via the Smad3 [31]. These
findings demonstrated the activation of TGF-p1/Smad3 pathway by
CGF/IMC.

3.4. In situ multilineage differentiation of the CGF/IMC bilayer
architecture

To investigate the multilineage differentiation of the CGF/IMC
biphasic scaffold in vivo, a rat maxillary complete periodontal defect

asw CT
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model (with a 5 mm x 4 mm x 1 mm-sized defect) was established
(Fig. 3a, b). Surgical photographs and micro-computed tomography
(micro-CT) images showed that the periodontal tissue of the first molar,
including alveolar bone, periodontal ligament, and cementum, was
completely removed (Fig. S7). Rats treated with a monophasic CGF
scaffold (CGF) or a non-hierarchical mechanical mixture of CGF and
deproteinized bovine bone mineral (CGF-DBBM) were considered as
controls; and the rat self-healing model was defined as the Blank group.
At 4 weeks after implantation, micro-CT results (Fig. 3c) showed that
relatively continuous and intact newly formed bone in the periodontal
defect area was observed in the CGF/IMC group. In the controls, only a
small amount of new bone was formed in the CGF-DBBM and CGF
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Fig. 4. Complete periodontal tissue regeneration in vivo. a) Micro-CT, HE and Masson’s trichrome staining of periodontal tissue regeneration areas. White line
displays defect boundary. D: dentin, PDL: periodontal ligament, AB: alveolar bone, S: scaffold, V: vessel, pointer: cementum. b) Semi-quantitative analysis of newly
formed alveolar bone, cementum and periodontal ligament percentage in micro-CT and HE images. *: P < 0.05 versus Blank, #: P < 0.05 versus CGF, &: P < 0.05

versus CGF-DBBM, /\: P < 0.05 versus Natural periodontium.
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groups. As expected, there was almost no new alveolar bone in the Blank
group, indicating that the rats did not have periodontal tissue self-
regeneration ability. The results shown in Fig. 3d indicated that the
bone volume and mean thickness of newly formed alveolar bone were
significantly greater in the CGF/IMC group than in the other groups.
Images of HE- and Masson’s trichrome-stained tissues (Fig. 3c) revealed
the formation of hierarchically staggered periodontal tissues, including
neo-alveolar bone, neo-cementum, and neo-periodontal ligament, only
in the CGF/IMC group, whereas little new-born periodontal-like soft/
hard tissue was observed in the CGF and CGF-DBBM groups, and
disordered connective tissue without cementum, periodontal ligament,
or alveolar bone was observed in the Blank group. The above results
indicate that only the CGF/IMC biphasic architecture could successfully
induce stem cell multilineage differentiation into soft and hard peri-
odontal tissues, which was similar to cell regulation results in vitro.

3.5. Complete periodontal tissue regeneration in vivo

To further achieve complete periodontal tissue regeneration, the
implantation time was extended to 8 weeks. The micro-CT results
showed that the newly formed alveolar bone in the CGF/IMC group was
similar to natural alveolar bone, without an obvious boundary between
the defect area and tooth area (Fig. 4a). In marked contrast, abundant
low-density new bone and high-density undegraded materials were
observed in the CGF-DBBM group, and only a small amount of relatively
thin and continuous bone was seen in the CGF group. As expected, there
was almost no new alveolar bone in the Blank group. The bone volume
of new alveolar bone in the CGF/IMC group (2.173 + 0.254 mm?) was
similar to that of native periodontium (2.135 + 0.119 mm?) and higher
than those in the CGF-DBBM (2.010 + 0.092 mma), CGF (0.414 £+ 0.058
mm3), and Blank groups (0.178 + 0.203 mm?®) (Fig. 4b). The average
thickness of new alveolar bone in the CGF/IMC group (0.939 + 0.027
mm) was similar to that of native periodontium (0.983 + 0.015 mm) and
significantly greater than those in the CGF-DBBM (0.681 + 0.060 mm),
CGF (0.331 + 0.100 mm), and Blank (0.121 + 0.121 mm) groups. These
results indicate complete regeneration of the alveolar bone could be
achieved through CGF/IMC treatment. The microstructure of the re-
generated periodontal tissues after 8 weeks was further investigated
using HE and Masson’s trichrome stainings (Fig. 4a). Newly formed
functional periodontal tissues in the CGF/IMC group were composed
mostly of alveolar bone, ligament fibers, cementum, and small amounts
of incompletely degraded scaffold, and the tissue organization was
highly similar to that of natural periodontium. Although certain
amounts of alveolar bone, cementum, and periodontal ligament struc-
tures were also observed in the CGF-DBBM group, the regenerated tissue
contained large numbers of discontinuous microstructures separated by
undegraded, powdery materials. Non-mineralized tissue accounted for
the majority of tissues observed in the CGF group, and there was almost
no bone formation in the Blank group. As shown in Fig. 4b, the amount
of new alveolar bone in the distal root defect region of the first molar in
the CGF/IMC group (61.49% + 7.39%) was significantly greater than
those in the CGF-DBBM (32.37% =+ 5.14%), CGF (35.41% + 8.75%),
and Blank (1.84% + 3.19%) groups. The trend for newly formed
cementum was consistent with that for alveolar bone. With regard to
regenerated soft tissue, more new periodontal ligament (71.29% =+
19.12%) was observed in the CGF/IMC group than in the CGF-DBBM
(55.72% + 5.23%), CGF (47.77% =+ 3.89%), and Blank (6.34% =+
10.99%) groups. The above results indicate that the CGF/IMC biphasic
scaffold possesses complete periodontal tissue regeneration capacity,
including that for mineralized and non-mineralized tissues.

3.6. Promotion of periodontal tissue regeneration by the CGF/IMC bilayer
architecture by host stem cell recruitment and Smad3 activation

To better understand the mechanisms underlying the promotion of
periodontal regeneration by biomimetic biphasic scaffolds, host
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mesenchymal stem cell (MSC) recruitment and molecular pathways
were further examined using immunofluorescent and immunohisto-
chemical stainings (Fig. 5). Two MSC-related markers, CD105 and CD90,
were highly expressed in the periodontal defects in the CGF/IMC group
at 4 weeks after transplantation (Fig. 5a, b). By contrast, only a low level
of expression was detected in the CGF-DBBM group, and almost no
expression of CD105, or CD90 was observed in the CGF and Blank
groups. After 8 weeks implantation, the newly formed periodontal tis-
sues in the CGF/IMC group contained the highest proportion of BMP2-
positive cells (44.25 + 5.25 per slice), whereas the protein expression
levels were lower in the CGF-DBBM (13.67 + 3.21 per slice) and CGF
group (7.67 + 2.52 per slice) (Fig. 5c, d). Moreover, the proportion of
osteocalcin (OCN)-positive cells in the CGF/IMC group (75.67 + 6.66
per slice) was also much higher than those in the CGF-DBBM (18.33 +
4.93 per slice) and CGF (9.33 + 6.03 per slice) groups. These results
indicate that CGF/IMC promoted bone formation via elevating the
expression of BMP2 and OCN. The periodontal ligament fiber marker,
collagen-1 (COL-1), was highly expressed in the CGF/IMC (62.33 + 7.02
per slice), CGF-DBBM (61.33 + 10.26 per slice), and CGF (78.00 + 3.46
per slice) groups, suggesting that large amounts of collagen were formed
in all three groups. However, the expression of vascular endothelial
growth factor receptor-1 (VEGFR-1), a marker of angiogenesis, was
quite different among the three groups, with high expression in the CGF/
IMC group (70.33 + 11.68 per slice) but weaker expression in the
CGF-DBBM (37.00 =+ 6.08 per slice) and CGF groups (13.00 + 2.65 per
slice).

Further, we investigated whether the TGF-f1 pathway plays an
important role in promoting periodontal hard/soft tissue regeneration.
Immunofluorescent staining (Fig. 5a, b) showed that TGF-p1 was highly
expressed in the periodontal defects in the CGF/IMC group, whereas
only a low level of expression was detected in the CGF-DBBM group, and
almost no expression was observed in the CGF and Blank groups after 4
weeks implantation. After 8 weeks implantation, TGF-p1 and Smad3
were examined in both new alveolar bone and periodontal ligament
areas (Fig. 5¢, d). In the periodontal ligament area, TGF-f1 was more
highly expressed in the CGF/IMC group (204.00 + 12.77 per slice) than
in the CGF-DBBM (111.00 + 8.54 per slice) and CGF (64.00 + 10.58 per
slice) groups. In the alveolar bone area, much higher expression of TGF-
B1 (122.33 + 16.62 per slice) was observed in the CGF/IMC group than
in the CGF-DBBM (60.00 + 6.00 per slice) and CGF (20.50 + 3.54 per
slice) groups. The trend in Smad3 expression was consistent with that for
TGF-f1. Higher Smad3 expression in the periodontal ligament area was
observed in the CGF/IMC group (202.33 + 16.50 per slice) compared
with the CGF-DBBM (88.33 + 4.51 per slice) and CGF (71.67 + 8.50 per
slice) groups. The number of Smad3-positive cells in the alveolar bone
region was also significantly higher in the CGF/IMC group (129.00 +
5.29 per slice) than in the CGF-DBBM (52.66 + 7.51 per slice) and CGF
(9.00 + 1.41 per slice) groups. These observations were consistent with
the in vitro results, and suggested that the TGF-p1/Smad3 pathway could
be activated during periodontal hard and soft tissue regeneration by
CGF/IMC.

3.7. Host MSC recruitment and multilineage differentiation of the CGF/
IMC bilayer architecture in an ectopic regeneration model

To further eliminate the influence of immune responses and confirm
the potently functional role of the CGF/IMC biphasic scaffold in the
recruitment and multilineage differentiation of host MSCs, an 8-week
model of subcutaneous ectopic regeneration was established using
immunodeficient mice. Micro-CT, SEM, and histological analyses were
performed to examine the osteogenesis, fibrogenesis, and angiogenesis
potential and stem cell recruitment capability of the CGF/IMC biphasic
scaffold (Fig. 6a—d, Fig. S8). Mature bone island structures with abun-
dant blood vessels formed in the CGF/IMC group, and some periodontal
ligament fiber-like tissues were observed surrounding the new bone
region accompanied by small amounts of undegraded materials. By
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Fig. 5. Promotion of periodontal tissue regeneration by the CGF/IMC bilayer architecture by host stem cell recruitment and Smad3 activation. a) Immunofluorescent
co-staining of TGF-p1 and CD105, and TGF-f1 and CD90 after 4 weeks implantation. b) Semi-quantitative analysis of positive cell numbers per slice of (a). c)
Immunohistochemical staining of BMP2, OCN, COL-1, VEGFR-1, TGF-p1 and Smad3 in newly formed alveolar bone (AB) area and periodontal ligament (PDL) area
after 8 weeks implantation. d) Semi-quantitative analysis of positive cell numbers per slice of (c). *: P < 0.05 versus Blank, #: P < 0.05 versus CGF, &: P < 0.05
versus CGF-DBBM.

contrast, the new bone in the CGF-DBBM group was immature and were more abundant and more uniformly distributed in the CGF/IMC
surrounded by muscle fibers (Fig. 6a, b, Fig. S8). Meanwhile, SEM im- group (151.33 + 26.84 and 130.00 £ 15.39, respectively) compared to
ages revealed collagen fiber-like structures and cells extending pseu- the CGF-DBBM group (56.00 + 4.58 and 45.33 + 2.08, respectively),
dopodia in the CGF/IMC group, with irregularly arranged bone-like indicating that the CGF/IMC biphasic scaffold recruited more host
structures found in the CGF-DBBM group. The results of immunohisto- CD146™ and STRO-1" MSGCs. Moreover, BMP2" (118.67 + 8.14), COL-
chemical staining (Fig. 6¢, d) showed that CD146" and STRO-1* MSCs 1" (68.00 + 7.55), and VEGFR-1" (104.67 + 11.68) cells were more
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STRO-1, BMP2, COL-1 and VEGFR-1. Open arrowheads: positive cells. d) Semi-quantitative analysis of positive cell numbers per slice of (c). *

abundant in the CGF/IMC group than in the CGF-DBBM group (32.00 +
4.36,29.00 + 2.65, 29.67 + 5.51, respectively), indicating that the CGF/
IMC biphasic scaffold itself exhibited osteogenic, fibrogenic, and
angiogenic potential.

4. Discussion

The native periodontium is a complex and hierarchical organ, with
mineralized, porous alveolar bone and non-mineralized, parallel-
aligned periodontal ligament. The simulation of such a hard/soft tissue
interface to achieve tissue regeneration poses unique challenges due to
compositional, topological, and mechanical differences between the
different tissues [2,4]. Here, we used biomimetic self-assembly and
microstamping techniques to fabricate a periodontium-like biphasic
scaffold, consisting of the mineralized IMC layer (resembling bone and
cementum) and the unmineralized collagenized-CGF layer arranged in
parallel (mimicking periodontal ligament). To improve the compati-
bility between the IMC and CGF phases, collagen was mixed with CGF
during the microstamping process to suppress phase separation, which
prolonged the disintegration time of the fibril structure and achieved a
stable and distinct diphase interface. The acquired CGF/IMC biphasic
scaffold was very similar to natural periodontal tissues in terms of their
micro/nano structure, mechanical properties and growth factor micro-
environments. As shown by SEM, the unmineralized CGF layer exhibited
a periodontal ligament-like periodic parallel arrangement superstruc-
ture, which facilitated the migration and orientation of endogenous stem
cell, thus promoting the parallel alignment of newly formed collagen
fibers. Simultaneously, the mineralized IMC layer presented a bone-like
microstructure with highly interconnected and uniform pores, which
was suitable for host stem cell migration and vascular ingrowth, thus
allowing new bone formation. In addition to the micro/nano structure,
the two phases of the CGF/IMC biphasic scaffold exhibited differential
composition and mechanical properties to simulate periodontal soft/-
hard tissues [27,28]. Furthermore, growth factors play crucial roles in
the complex process of biological tissue regeneration, including regu-
lating cellular activities, stimulating ECM formation and angiogenesis,
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and regulating cell pathways that govern wound healing [32,33]. Con-
ventional biomaterials with a single growth factor environment are
difficult to regulate cell multi-morphological and multilineage differ-
entiation to achieve periodontal regeneration [4,5]. The prepared
CGF/IMC scaffold created differentiated growth factor environments
between the two phases through endogenous release and exogenous
recruitment. TGF-f1 is a landmark pleiotropic growth factor in peri-
odontal tissue regeneration due to its functional role in promoting
angiogenesis, cell differentiation, and ECM synthesis [30,35,36,41]. In
addition, VEGF is equally important in the regeneration of periodontal
tissues, because with adequate vascularization, abundant nutrition can
be supplied to, and metabolic waste discharged from, freshly trans-
planted tissue-engineered biomaterials. As CGF is a mixture of growth
factors, rich in various endogenous growth factors, including TGF-p1,
VEGF, PDGF-BB, IGF-1, and bFGF [20,29], therefore TGF-p1 and VEGF
were highly expressed in the micropatterned CGF phase and IMC/CGF
interface, with almost no expression in the IMC layer. It is worth noting
that although the IMC layer itself cannot secrete growth factors, its
osteoid microenvironment could recruit endogenous stem cells, and
eventually form a growth factor-rich environment suitable for cell
osteogenesis [17]. The growth factor environment was not transient, the
sustained and controlled release of growth factors could be achieved
through the slow disintegration of collagen-reinforced CGF fibrils. The in
vitro cumulative release rate curve showed that TGF-p1 and VEGF could
be released continuously for up to 14 days. The CGF/IMC biphasic
scaffold realizes a full-scale simulation of periodontal tissue in the
micro-nano structure, mechanical properties and growth factor envi-
ronment, which could mobilize host stem cells of dental origin to initiate
periodontal hard and soft tissue regeneration.

The CGF/IMC biphasic scaffold successfully induced bidirectional
differentiation of PDLSCs into periodontal ligament/osteogenesis. After
one day of co-cultivation, parallel-aligned CGF fibrils could guide par-
allel arrangement of PDLSCs to form a fibroblast-like morphology. The
oriented migration of stem cells mainly due to the parallel-aligned su-
perstructure with uniform gaps in the ordered micropatterned CGF
substrate, which might offer an optimal space for actin cytoskeleton
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reorganization and cell lineage differentiation [34]. In comparison,
PDLSCs were sparsely and irregularly attached to the randomly arranged
CGF substrate without any orientation. Interestingly, the IMC phase
with interconnected porous structure could induce cross-arrangement of
PDLSCs with highly branched osteocyte-like shapes. In addition to dif-
ferences in cell morphology, mRNA and protein expression level pro-
vided more clues for stem cell differentiation. In the parallel-aligned
CGF group, two fibrogenic differentiation-related genes (Postn and
elastin) and one fibrogenic differentiation-related protein (POSTN) were
significantly upregulated after 7 days incubation, and the expression
level of two osteogenic differentiation-related genes (Runx2 and OPN)
were obviously reduced. The IMC group showed the opposite trend with
high expression of Runx2 and OPN, and downregulated Postn and elastin.
Although CGF can also promote the proliferation and osteogenesis of
PDLSCs in a dose-dependent manner [23], here, the CGF layer with
ordered microstructures could only induce a periodontal ligament
fiber-like arrangement and fibrogenic differentiation of PDLSCs. The
above experiments confirmed that the differences in micro-nano struc-
ture, mechanical properties and factor environment determined the fate
of stem cells.

Complete and functional periodontium regeneration requires a
highly coordinated spatiotemporal repair response, involving osteo-
genesis and cementogenesis concomitant with functional periodontal
ligament reattachment [4]. The CGF/IMC biphasic scaffolds were
implanted in critical-sized complete periodontal tissue defects in two
stages: implantation for 4 weeks to investigate the capability of host
stem cell recruitment and multilineage differentiation in early stage in
vivo, and 8 weeks to observe the ability to achieve complete and func-
tional periodontal tissue regeneration in vivo. After 4 weeks implanta-
tion, only the CGF/IMC biphasic scaffold group showed high expression
of CD 90 and CD 105 in the periodontal defects, revealing that the host
stem cells were effectively recruited. The Micro-CT, HE and Masson’s
trichrome stainings results confirmed that the recruited cells could
further achieve multilineage differentiation into soft and hard peri-
odontal tissues. As control groups, the enrichment of growth factors
alone (monophasic CGF scaffold) could hardly load host stem cells, and
mainly promoted cell fibrogenic differentiation due to its poor me-
chanical property. Although the mechanical mixture of CGF-DBBM
provided sufficient mechanical supports and growth factor-rich micro-
environment, the non-hierarchical substrates interfered the directed
reorganization of the actin cytoskeleton, which were not conducive to
inducing the multilineage differentiation of stem cells. After extending
the implantation time to 8 weeks, the CGF/IMC biphasic scaffold
potently reconstructed complete and functional periodontium with the
insertion of periodontal ligament fibers into newly formed cementum
and alveolar bone. Although periodontal ligament restoration was
achieved with CGF-DBBM and the monophasic CGF scaffold to a certain
extent compared to the self-healing group, the new periodontal ligament
could not functionally insert into neo-bone. The possible mechanisms
underlying excellent regenerative properties of CGF/IMC were as fol-
lows: the parallel-aligned non-mineralized fibers and porous mineral-
ized scaffold in the CGF/IMC bilayers provide a hierarchical,
periodontal-like microenvironment for local stem cell attachment,
migration, proliferation, and fibrogenesis/osteogenesis differentiation;
and a controlled release of diverse growth factors in the CGF/IMC
biphasic scaffold may contribute to forming a niche-mimicking micro-
environment to initiate the complex process of host stem cell recruit-
ment and multilineage differentiation. Importantly, the stability and
interconnection between the ordered CGF phase and the IMC layer
enabled the morphofunctional integration of hard/soft tissue interfaces.
The high degree of stiffness of IMC could have provided sufficient me-
chanical support for the periodontal defects and allowed stem cells to
migrate through the interconnected pores, which facilitated remodeling
of the ECM to form new bone [18]. Furthermore, the biodegradation rate
of IMC was similar to that of natural bone, resulting in ingrowth of newly
formed bone into the scaffold [14-16]. By contrast, the large DBBM

104

Bioactive Materials 10 (2022) 93-106

crystals exhibited poor biocompatibility. The slow degradation rate and
lack of pore structure in CGF-DBBM were not conducive to the
recruitment and differentiation of stem cells, resulting in incomplete
periodontal regeneration. Due to the rapid degradation rate and low
stiffness of monophasic CGF, the degree of hard tissue regeneration in
the monophasic CGF group was low.

The TGF-p1 pathway activation controls myriad events, including
cell proliferation, differentiation, migration, ECM remodeling, and
collagen accumulation, which are important for periodontal defect
repair [35-37,41]. TGF-p1 could induce Smad3 phosphorylation and
downstream fibrogenesis gene expression, including COL-1, Postn, and
elastin, and thereby promoting tissue fibrogenesis [38]. Moreover,
TGF-B1 can induce f-catenin activation through signaling crosstalk,
which is essential for the ligament-fibroblastic differentiation of PDLSCs
[38,39]. In this work, CGF/IMC biphasic architecture provided a
periodontal-specific microenvironment for host stem cell recruitment,
after which the recruited cells were induced to secrete TGF-pl and
VEGF, and TGF-f1 activation was initiated [17]. TGF-p1l increased
Smad3 phosphorylation and the expression of downstream genes
involved in osteogenesis and angiogenesis, such as BMP2, OCN, and
VEGFR-1, thus facilitating the formation of neo-bone with new blood
vessels. Therefore, the osteogenesis, ligament fiber formation, and
angiogenesis in periodontal tissue regeneration might be regulated by
TGF-$1/Smad3 signaling pathway. In the process of material-mediated
periodontal regeneration, the local immune environment and the host
inflammatory response are also important factors that regulate the
function of stem cells and affect the outcomes of tissue regeneration
[40]. To eliminate the influence of local immune responses and confirm
the potently functional role of the CGF/IMC biphasic scaffold, a model of
subcutaneous ectopic regeneration based on immunodeficient mice was
established. After 8 weeks implantation, the CGF/IMC biphasic scaffold
also achieved the regeneration of periodontal tissue, confirming its own
potential for osteogenic, fibrogenic, and angiogenic, as well as the stem
cell recruitment capability.

5. Conclusion

In this study, a biomimetic tissue-specific functional architecture
resembling hard (bone and cementum) and soft (periodontal ligament)
tissues was constructed by integration of self-assembly and micro-
stamping strategies. In the hierarchical biphasic architecture, the self-
assembled porous IMC scaffold with higher Young’s modulus exhibi-
ted osteogenic differentiation potential, whereas the micropatterned
CGF fibers with lower Young’s modulus exhibited fibrogenic differen-
tiation potential. After implantation in critical-sized complete peri-
odontal tissue defects, the biomimetic biphasic architecture potently
reconstructed native periodontium with the insertion of periodontal
ligament fibers into newly formed cementum and alveolar bone by
recruiting host MSCs. The TGF-p1/Smad3 pathway played an important
role in CGF/IMC-induced periodontal regeneration (Scheme 1). These
findings will contribute to the advancement of regenerative therapies for
complex tissue regeneration.
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