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ABSTRACT

Despite an increasing number of tissue-engineered scaffolds have been developing for bone regeneration, simple and universal fabrication of biomimetic bone
microstructure to repair full-thickness bone defects remains a challenge and an acute clinical demand due to the negligence of microstructural differences within the
cortex of cancellous bone. In this work, a biomimetic sandwich-layered PACG-CS@Mn(III) hydrogel (SL hydrogel) was facilely fabricated in an end-tail soaking
strategy by simply post-crosslinking of poly(acryloyl 2-glycine)-chitosan (PACG-CS) composite hydrogel using trivalent manganese solutions. Taking the merits of in-
situ formation and flexible adjustment of chain entanglements, hydrogen bonds and metal chelate interactions, SL hydrogel with sandwich-like three-layered
structures and anisotropic mechanical performance was easily customized through control of the manganese concentration and soaking time in fore-and-aft sides,
simulating the structurally and mechanically biomimetic characteristics of cortical and cancellous bone. Furthermore, the produced SL hydrogel also demonstrated
favorable biocompatibility and enhanced MnSOD activity via a peroxidase-like reaction, which enabled the excellent radical scavenging efficiency and anti-
inflammatory regulation for facilitating the activity, proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs). In vivo studies
further revealed that these SL hydrogels achieved restrictive pro-vascular regeneration through their stratified structure, thereby promoting the differentiation of
osteoblasts. Simultaneously, the mechanical cues of stratified structure could mediate macrophage phenotype transitions in accordance with stem cell-osteoblast
differentiation process via the PI3K-AKT pathway, resulting in robust osteogenesis and high-quality bone reconstruction. This facile yet efficient strategy of
turning anisotropic hydrogel offers a promising alternative for full-thickness repair of bone defects, which is also significantly imperative to achieve high-
performance scaffolds with specific usage requirements and expand their clinic applicability in more complex anisotropic tissues.

1. Introduction collagen protofibrils in a highly ordered and interlaced manner with

typical micro- and nanoscale hierarchical structures and anisotropic

Bone defects frequently cause severe pain and disability, necessi-
tating medical treatments like autografts, allografts or synthetic grafts
[1,2]. Artificial bone grafts such as hydroxyapatite and calcium phos-
phate offer alternatives to natural bone-derived grafts for avoiding
burdensome issues of donor site damages and insufficient donor mate-
rials [3]. However, these artificial grafts still have limitations in osteo-
conductivity and osseointegration, which drives ongoing research into
bioactive bone grafts with mimetic extracellular matrix (ECM) features
[4-6]. It is well known that bone ECM is composed of cross-linked
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mechanics, which is significantly important on the cell proliferation,
migration, aggregation and secretion as well as the bone regeneration
[7-9]. Bone has a complex hierarchical structure to regulate various
cells, including immune cells, bone marrow mesenchymal stem cells,
nerve cells, and endothelial cells [10]. The microstructure of bone is
actually not a simple layered structure. On the contrary, the twisted
arrangement of needle and plate mineral particles at different levels
forms macro-structures of different strengths, which requires optimize
combination of stiffness and toughness for full-layer bone repair while
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considering its multi-layer tissue structure [11]. Natural lamellar bone
consists of dense cortical bone and spongy cancellous bone. Cortical
bone has an anisotropic lamellar structure with high mechanical
strength [12,13], whereas cancellous bone, often limited by the bone
marrow and other structures, comprises homogeneous porous structures
that support bone metabolism and hematopoiesis [14]. Physical and
mechanical characteristics within different layers have a synergistic
effect on immune response, angiogenesis and osteogenesis during bone
healing, suggesting an advantage of bone grafts with appropriate bio-
mimetic features [15-18]. Numerous materials related to bone regen-
eration have been designed and developed for the simulation of
multilayered bone structures [19,20]. Although these scaffolds are
capable of accelerating bone healing and post-osteogenic function, no
single structure is flexible enough to allow for multiple layers. In addi-
tion, a vast majority of layered scaffolds are generally formed by
crosslinking or bonding between different layers via the complicated
methods [21,22], indicating the facile construction of multilayered ar-
chitectures to simultaneously mimic cortical and cancellous bone tissues
within a single scaffold remains challenging.

Hydrogels have gained considerable attention as an ideal tissue-
engineered scaffold because of their excellent biocompatibility, high
water content and appropriate mechanical compatibility with tissues for
bone regeneration [8,23-27]. Nevertheless, most traditional hydrogels
are synthesized with a loose crosslinking and unordered network
structure, resulting in poor mechanical properties. The advent of
double-network (DN) hydrogel has brought tremendous progress in
mechanical performance and potential possibilities for load-bearing
tissues. However, due to lack of anisotropic hierarchical structures and
biological activity, most of these DN hydrogels are still inadequate
compared to that of natural tissues, thus greatly limiting their applica-
tion in bone tissue engineering and regenerative medicine.

Despite an increasing number of anisotropic hydrogels with multi-
layered structures and strong mechanical properties have been prepared
via the directional freezing, modular assembly (i.e., magnetic or electric
field self-assembly), and mechanical cutting techniques for osteochon-
dral tissue engineering [28-32], these currently used methods for con-
structing multilayered hydrogels are usually complex and cannot
achieve universal production. In addition, the interfaces of these
tissue-engineered scaffolds between different layers are always not
continuous or hard, thereby hindering the optimal repair of bone tissue.
Besides, although there are multilayered hydrogel scaffolds with excel-
lent mechanical properties comparable to those of biological tissues,
their biocompatibility and biosafety is limited [33-37]. Therefore, it still
faces limitations and challenges to simultaneously manufacture strong,
tough, biocompatible and accessible hydrogel scaffolds with multilay-
ered hierarchical structures and excellent osteogenic bioactivity using a
generic and facile approach for full-thickness bone regeneration.

Manganese plays multiple roles in the process of osteogenesis,
including increasing bone mass, promoting stem cell osteogenic differ-
entiation, and mediating immune-mediated osteogenesis [38-40]. The
diversity of manganese valence states determines its various roles in
biological activities. For example, divalent manganese plays a role in
osteogenesis, trivalent manganese participates in redox reactions [41],
and tetravalent manganese found in manganese dioxide is active in
catalytic reactions [42]. The primary active form of trivalent manganese
(Mn(IID)) in cells is SOD2 (MnSOD), a crucial component of the antiox-
idant enzyme system in biological systems [43]. Due to its unique ligand
structure and efficient transition metal sites, SOD2 has been extensively
studied for catalytic clearance of reactive oxygen species (ROS) in
various diseases, particularly in stem cells for bone repair [41]. So,
flexible manipulation of the manganese valence states in various regions
and duration time is imperative to achieve biological anisotropic scaf-
folds to promote bone regeneration.

Here, a stepwise end-tail soaking strategy was developed to produce
a kind of sandwich-layered hydrogel (SL hydrogel) via simply post-
crosslinking of poly (acryloyl 2-glycine)-chitosan (PACG-CS)
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composite hydrogel into manganese acetate solutions for full-thickness
bone repair. PACG-CS hydrogel was firstly prepared by ultraviolet
(UV) triggered polymerization of ACG with an embedded short-chain
CS, and then converted to distinctive SL hydrogel (top/down: chela-
tion—covalent PACG-CS@Mn(III) DN hydrogel; middle: PACG-CS com-
posite hydrogel) after stepwise end-tail in a manganese acetate solution,
similar to the stratified structures of the natural skull (Scheme 1).
Crucially, rational regulation of noncovalent interactions and thereby
the conformation of polymeric chains can flexibly adjust their structures
and mechanics. In vitro experiments showed these specific sandwich-
layered hydrogels exhibited excellent biocompatibility, favorable cell
adhesion and anticipated antioxidant stress through a peroxidase-like
reaction, which significantly promoted the macrophage M2 phenotype
transition, angiogenesis and osteogenesis via the PI3K-AKT pathway
[44,45]. In vitro studies also revealed that SL hydrogels regulated an
osteoblast-centered immune microenvironment, greatly enriching
theoretical understanding of influence of biomaterial scaffolds on local
immune environments. In vivo calvarial defects were further established
to demonstrate the regenerative outcome of SL hydrogel scaffolds, with
higher quality of newly formed bone compared to the control and
non-layered PACG-CS scaffold without hierarchical characteristics of
cortical and cancellous tissues. More importantly, another key advan-
tage of sandwich-layer scaffold was that manganese coordination
intervention and the resultant tight upper and lower networks had a
vascular-restrictive growth effect, thus enabling the hierarchical repair
and regeneration of cortical bone and trabecular bone. Overall, this
finding highlights the potential of sandwich-layered scaffolds for
full-thickness regeneration of calvarial defects, and the combination of
hierarchical layers with exceptional osteogenic bioactivity in a simple
soaking approach could greatly enhance the repair quality of bone
defects.

2. Results and discussion

2.1. Characterization of shell-structured PACG-CS@Mn(III) DN
hydrogels

As shown in Fig. 1a, PACG-CS@Mn(III) DN hydrogels were simply
prepared via UV-initiated free radical polymerization of ACG monomer
(Fig. S1) and subsequently immersing it into the manganese acetate
solutions for 1 h. During the soaking process, acetate and manganese
were gradually permeated into the PACG-CS hydrogel and served as
physical crosslinkers to form amino-anion and carboxyl-cations do-
mains, respectively. On the one hand, acetate triggered the salting-out of
polymers to drive the spontaneous collapse of short CS chains to form
the chain-entanglement network; on the other hand, strong carboxyl/
Mn(III) chelation interaction induced to the conversion of polymer ag-
gregation to yield a three-dimensional valent bonding structure, which
could tightly hold with carboxyl groups to form the dense polymeric
networks. Owing to the gradient concentration of manganese, an
outside-in growth was proceeded to form a hydrogel with two distinct
layers that of a soft core surrounded by a stiff shell, thus constructing a
shell-structured PACG-CS@Mn(III) DN hydrogel with excellent stability
and divergent performance. Compared to PACG-CS composite hydrogel,
the produced DN hydrogels soaked with manganese acetate at various
concentrations (50 mM, 100 mM and 200 mM) were named PACG-
CS@Mn50, PACG-CS@Mn100 and PACG-CS@Mn200 DN hydrogels,
respectively.

The typical carbonyl (C=0) absorption peak at 1739 cm™! was
gradually flatten along with the increased concentration of Mn(III) in
FTIR spectra (Fig. 1b), which ascribed to the growing amount of
carboxyl/Mn(IIl) complexation. To confirm the valence state of man-
ganese in the hydrogel due to the possible disproportionation reaction,
XPS analysis on the hydrogel’s outer shell was performed in Fig. 1c. Two
distinct energy levels of manganese were detected in the hydrogel, and
further fine spectrum scanning of Mn3s was allowed to determine the
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Scheme 1. Schematic illustration of the preparation of biomimetic sandwich-layered hydrogel and its promotion mechanism of bone regeneration.

valence state of chelated manganese (Fig. 1d). Two prominent peaks at
84.7 eV and 90.5 eV, with a peak spacing between 5.3 eV and 6 eV [46],
confirmed the predominant existence of trivalent manganese state in the
hydrogel. On account of the optimal PACG/CS ratio and gelation con-
ditions in our previous findings, the PACG-CS-1.6 composite hydrogel
exhibited a regular alternating “transverse-longitudinal” arrangement
(Fig. 1e), which could be attributed to the synergistic effects of chain
entanglement, electrostatic adsorption, and hydrogen bonding between
cationic CS chains and anionic PACG chains [47]. Therefore, the PACG
introduction and multiple physical interactions collaboratively achieved
the microstructural variation after formulation optimization, thus
contributing to the well-defined hydrogel network with regular
arrangement orientation. Along with the gradient diffusion of Mn(III)
from the surrounding solution into the gel matrix and interacted with
the carboxyl groups, a shell-structured network was consequently
formed and grew in a radial direction inward from the surface. The pore
size of shell layer in the 50 mM immersion solution was significantly
larger than that in the 100 mM and 200 mM immersion solutions. It was
because under the same conditions, a higher concentration of manga-
nese acetate solution could lead to stronger chelation and denser
crosslinking structures, thereby resulting in a more compact shell layer.
However, since the concentration of manganese ions was much lower
than the concentration of carboxyl groups in PACG, so there were no
significant statistical differences in pore size. It was observed that there
were an amount of small tridentate-like reticulation structures in high
magnification SEM image of outer shell (Fig. S2), manifesting the strong
chelation of PACG with Mn(IIl). Although the Mn(IIl) chelated with
three carboxyl groups had no visual evidence with the formation of
tridentate-like reticulation structures due to various molecular levels,
this strong tridentate coordination may play important roles in inducing
the orientation arrangement of specific architectures [35,47]. Crucially,
the shell layer thickness was closely related to the manganese acetate
concentration and immersion time. For example, as shown in Fig. S3a,
when the soaking time was extended from 0.5 h to 1 h, the shell
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microstructures of PACG-CS@Mnl100 hydrogels gradually became
denser and the pores became smaller. However, further extension of
soaking time from 1 h to 4 h had no significant effect on the network
microstructures of DN hydrogels, which was mainly due to the con-
centration of manganese ions was much lower than the concentration of
carboxyl groups in PACG. Under this circumstance, PACG-CS@Mn100
DN hydrogels could basically reach the equilibrium state and maintain
the stability after soaking for 1 h. Additionally, N, adsorption isotherms
revealed differential pore size distribution in the hydrogels before and
after soaking (Fig. 1f). Consistent with the SEM results, shell-structured
PACG-CS@Mn(III) DN hydrogels exhibited variations in pore size
distribution.

The typical stress-strain behaviors were further performed to quan-
titatively examine the mechanical properties of PACG-CS@Mn(III) DN
hydrogel after immersing it into the manganese acetate solutions.
Compared to the PACG-CS hydrogel, the higher strength and stiffness of
PACG-CS@Mn(III) DN hydrogel ascribed to the generated physical
chains-entanglements network and coordination interactions between
metal ions and carboxyl groups. The hydrogels could achieve a
compression stress exceeding 60 MPa at 95 % strain even under low
immersion concentration compared to that of PACG-CS hydrogel (ca. 40
MPa, Fig. 1g and Fig. S4a). This strengthening behavior was primarily
attributed to the denser and stiffer shell structures on the gel’s surface. It
was noted that the observation of wobbly points in the compression
curves was due to the rupture of shell structures under large deforma-
tion, which was also account for the improved tensile strength and
modulus (Fig. 1h). Also, rheological measurements provided strong
evidences on the remarkable mechanical properties (Fig. S4b). Consis-
tent with the structural variations, the mechanical strength of PACG-
CS@Mn100 DN hydrogel soaked for 1 h was also significantly higher
than that soaked for 0.5 h, but further extension of time had little change
(Fig. S3b).

The manganese concentrations within the PACG-CS@Mn50, PACG-
CS@Mn100 and PACG-CS@Mn200 DN hydrogels were actually lower
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Fig. 1. Fabrication and characterization of PACG-CS composite hydrogel and shell-structured PACG-CS@Mn(III) DN hydrogels. (a) Schematic preparation
process of the shell-structured DN hydrogel via an ion soaking method. (b) FTIR spectra of the PACG-CS composite hydrogel and various DN hydrogels. (c, d) XPS full
spectrum scans and Mn3s refined spectrum scans of the DN hydrogels. () SEM images of composite hydrogel and various DN hydrogels (longitudinal section). (f) N-
Sorption isotherm image and basic pore size map of the hydrogels. (g-j) Compressive stress-strain curves, tensile stress-strain curves, thermogravimetric analysis
curves and in vitro swelling behaviors of composite hydrogel and various DN hydrogels.
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(0.13 wt%, 0.24 wt% and 0.3 wt%), as verified by the thermogravi-
metric analysis (TGA) measurement (Fig. 1i) and energy dispersive
spectrometer (EDS) analysis (Table S1). However, low concentration of
Mn(III) and insufficient amount of carboxyl/Mn(III) complexation was
not capable of maintaining structural and mechanical stability after
hydrogel swelling in water. So, the gradual release of chelated Mn(III)
from the hydrogel could significantly impair the outer hard layer and
increase the swelling equilibrium value than that of PACG-CS composite
hydrogel (Fig. 1j).

2.2. Invitro biocompatibility and degradability

Since the naturally-derived chitosan, glycine derivative and low
concentration of manganese were extensively used in tissue engineering
and regenerative medicine, the PACG-CS@Mn(III) hydrogels were sup-
posed to be safe and non-toxic. The cytotoxicity was assessed using live-
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dead staining and CCK-8 methods [48]. On the first day, a small number
of bone marrow mesenchymal stem cells (BMSCs) were observed to
colonize the hydrogel surface without any dead cells. By the third day,
the living cell number was significantly increased with clear observation
of high BMSCs viability (Fig. 2a). Cell proliferation viability assays
quantitatively demonstrated the high cell survival rate and excellent
biocompatibility of these hydrogels regardless of the manganese con-
centration (Fig. 2b). Similar biocompatibility assessments were verified
using the angiogenesis-associated human umbilical vein endothelial
cells (HUVEC) and mouse fibroblasts cells (L929), but the hydrogel’s
cytotoxicity varied with the manganese concentration (Fig. 2c-e). It was
worth noting that the proliferation ability of PACG-CS@Mn50 and
PACG-CS@Mn200 groups was significantly lower than that of
PACG-CS@Mn100 group, which may ascribe to the negligible
pro-proliferative effect for the PACG-CS@Mn50 group and excessive
cytotoxicity of high manganese concentration for the PACG-CS@Mn200
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Fig. 2. Invitro biocompatibility and cell migration abilities. (a) Live-dead staining of control and various hydrogels co-cultured with BMSCs on day 1 and 3. Scale
bars, 250 pm. (b) Assay of proliferative activity of both groups of cells (n = 3). (c, d) Live-dead staining using HUVEC and L929 cells co-cultured with each group of
hydrogels. Scale bars, 250 pm. (e) Cell proliferation viability assay of HUVEC and L929 co-cultured with hydrogels (n = 3). (f) Cell migration assay of hydrogel co-
culture by crystal violet staining. (g) Determination of cell recruitment capacity of PACG-CS@Mn100 DN hydrogel in cell migration assay. Left panel: cytoskeletal
staining of macrophages within hydrogels; Right panel: live-dead staining of macrophages within the hydrogels. Scale bars, 250 pm. (h) In vitro degradation of PACG-
CS composite hydrogel and various PACG-CS@Mn(III) DN hydrogels.
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group [49,50]. Despite evidence that trivalent manganese used in this
study exhibited cytotoxic characteristics similar to divalent manganese
[51], it remains critical to control the manganese concentration to
achieve an optimal balance between toxicity and bioactivity. Similarly,
the crystal violet staining also revealed the highest pro-migratory ac-
tivity of PACG-CS@Mn100 group in cell migration assay with hydrogel
co-culture than the other two groups (Fig. 2f). Consequently, the
PACG-CS@Mn100 group was selected as the experimental group for
subsequent studies.

To verify cell distribution within the hydrogel and its regulation of
inflammation-associated cell activity, the PACG-CS@Mn100 hydrogel
was co-cultured with mouse macrophages (RAW264.7). Phalloidin
staining was used to observe macrophage adhesion morphology, and
live-dead staining assessed their biocompatibility (Fig. 2g). The results
indicated that the regular anisotropic pores enabled the hydrogel with
uniform distribution of macrophages and beneficial adhesion properties.
Besides, the PACG-CS@Mn100 hydrogel was gradually degraded over

a
Poly-acryloylglycine-chitosan

Trivalent metal salt solutions
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35 days in vitro due to its network skeleton constructed by strong non-
covalent bonds (Fig. 2h), which could meet the appropriate degrada-
tion time for the implanted scaffolds in bone repair and regeneration. It
was mentioned that similar degradation time of composite hydrogel and
DN hydrogels not only reflected the dense network structure and high
mechanical strength of the PACG-CS hydrogel, but also indicated the
low Mn(IIl) concentration in the PACG-CS@Mn(III) hydrogel scaffold
for ensuring in vivo safety. Accordingly, these above findings supported
the excellent biocompatibility, effective recruitment and adhesion of
immune cells and satisfactory biodegradability of the PACG-CS@Mn(III)
hydrogels.

2.3. Fabrication of sandwich-layered hydrogel scaffolds
Taking the merit of this soaking strategy to tailor the network

structure and mechanical performance, a sandwich-layered hydrogel
was necessarily required and accessible to mimetic the multilayered
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Fig. 3. Microscopic and macroscopic presentation of the cortical-cancellous simulated structure and morphological changes of BMSCs on the SL hydrogel.
(a) Schematic preparation process of the SL hydrogels by an end-tail immersion method. (b) SEM images of PACG-CS and PACG-CS@100 hydrogels, and the
morphologies of BMSCs on these hydrogels. (c) Microscopic and macroscopic observation of SL hydrogels. (d) EDS analysis of the interface structure of the middle
and top/down layer of SL hydrogel. (e) Morphology of BMSCs on SL hydrogels. (f) KEGG pathway enrichment analysis of gene differences closely related to PI3K-AKT
Pathway. (g) Western blotting detection of AKT and p-AKT protein level after co-culture of BMSCs with hydrogels.
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cortical-cancellous structures of bone tissues. So, we used a simple end-
tail soaking method to fabricate the SL hydrogel after immersing the
PACG-CS hydrogel into 100 mM of manganese acetate solution at upper
and lower surfaces for 1 h each. During the soaking process, we utilized a
volume control method to regulate the thickness of SL hydrogels. Based
on our previous works, under a fixed immersion depth, the penetration
depth of metal ion solutions into the CS-based hydrogels were mainly
determined by the ion concentrations and soaking time [35,47], but
high concentration of salt solutions and prolonged soaking time could
inevitably induce the ion diffusion throughout the hydrogels and failed
the precise thickness. However, since the concentration of manganese
ions was much lower than the concentration of carboxyl groups in
PACG, the thickness of each hydrogel layer could be feasibly and pre-
cisely controlled by immersion depth and soaking time (Fig. 3a and
Fig. S5). Compared to the unsoaked PACG-CS and PACG-CS@Mn100 DN
hydrogels (Fig. 3b), by controlling the time and depth of the immersion
solutions, SL hydrogel scaffolds with sandwich-layered hierarchical
structures were produced both at micro and macroscopic levels while
retaining their original morphologies at each layer (Fig. 3c). It was
mentioned that compared with the traditional 3D printing and direct
adhesion for construction of multi-layered hydrogel scaffolds, this
end-tail soaking strategy offered the advantages of maintaining the
integrity of layered structures while ensuring the seamless integration of
multilayered hydrogel scaffolds. To verify the layer integration strength
and homogeneity across the SL hydrogels, cyclic compression test was
performed to evaluate the fatigue resistance under repeated loading.
Fig. S6 showed that these SL hydrogels with various manganese im-
mersion concentrations could maintain significant mechanical integrity
and stability after 50 cycles at 30 % strain, indicating their elasticity and
resilience for engineering scaffolds in a physiological setting.

EDS assay showed the formation of sandwich structure was obvi-
ously related to the distribution of manganese ions (Fig. 3d). Due to the
difference in internal pore size between PACG-CS hydrogels and DN
hydrogels, cells exhibited different adhesion patterns in the two types of
hydrogels (Fig. 3b and Fig. S7). Meanwhile, the cell distribution on the
cross-section of the SL hydrogel also reveals differences in internal pore
sizes (Fig. 3e). Previous studies had shown that extracellular matrix
stiffness could influence cell function by regulating the assembly and
disassembly of the actin cytoskeleton. In mesenchymal stem cells, higher
matrix stiffness often induced osteoblasts with a larger spreading area
and higher levels of actin polymerization, while undifferentiated cells
typically exhibited an elongated and spindle-shaped morphology [52].
In this study, BMSCs exhibited a slenderer morphology in the middle
layer (PACG-CS composite hydrogel) while a more uniform and
unfolded shape was displayed in the top and down layers
(PACG-CS@Mn100 DN hydrogel), which was attributed to that the stiff
layer could enhance osteogenic differentiation by increasing the cell
spreading area compared to the soft layer, and thus further revealing the
significant influence of geometrical difference on BMSC adhesion.

To further investigate the role of sandwich-layered microstructure on
osteogenic gene expression in BMSCs, we performed RNA-seq analysis
on SL hydrogel and blank control. Based on the quantitative expression
results, differential gene analysis was conducted to identify the differ-
entially expressed genes between the two groups (Fig. S8). Kyoto
encyclopedia of genes and genomes (KEGG) analyses revealed an asso-
ciation between the identified set of genes and the phosphatidylinositol
3-kinase (PI3K)-protein kinase B (AKT) pathway (Fig. 3f). Among these,
integrin-related genes significantly associated with the interactions be-
tween the cells and ECM, such as ITGA5, ITGAS8, and ITGA10, are
notably upregulated. Some researchers have pointed out that integrin
a5, encoded by ITGAS, acts as a ‘bridge’ for the mechanical cues be-
tween cells and the matrix, further promoting the osteogenic differen-
tiation of pre-osteoblasts by sensing high matrix stiffness [53]. In this
study, stem cells activated integrin-related genes by perceiving the
strong matrix stiffness of SL hydrogels, subsequently activating
osteogenic-related genes such as sppl through the PI3K-AKT pathway.
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Similarly, Western blot analysis of SL hydrogels co-cultured with BMSCs
confirmed a significant upregulation of AKT and p-AKT in the SL
hydrogel group (Fig. 3g), which was consistent with the promotion of
spatial topography on osteogenic differentiation of stem cells as
demonstrated in many recent studies [54,55].

2.4. In vitro protective efficacy against oxidative stress

It is well known that divalent manganese ions can act against
oxidative stress both inside and outside cells [50,56], and many studies
have also focused on the use of trivalent manganese to mimic
manganese-based superoxide dismutase (MnSOD) [41,43,57]. Thus, we
employed cyclic voltammetry to verify whether the manganese in the SL
hydrogel exhibits redox reactions similar to those of MnSOD and cata-
lase (Fig. S9). Before that, we firstly measured the manganese ion release
behaviors at 12 h, 24 h, 48 h, 72 h, and 96 h using inductively coupled
plasma mass spectrometry (ICP-MS) technology (Fig. S10). In the
normal environments, manganese ions could be slowly released and
exuded from the SL hydrogels through the free diffusion, and maintain a
certain concentration over a longer duration (a cumulative release of 50
% at 96 h), which further revealed the strong carboxyl/Mn(III) chelation
within the network. Once exposure onto the oxidative stress conditions,
the manganese ions could be rapidly released within 24 h to exert the
antioxidant activity via MnSOD-like effects due to the shift of equilib-
rium reaction, thus regulating the oxidative stress environments, espe-
cially in the early stage of fracture healing. Furthermore, as shown in
Fig. 4a, the SL hydrogel displayed a positive oxidation peak and a
negative reduction peak, and the ratio of oxidation peak to reduction
peak was slightly greater than one, which indicated its stronger
oxidizing ability than reducing ability, similar to the results of manga-
nese porphyrin mimics in vitro [58]. In order to further validate the
peroxidase-like activity, hydrogen peroxide (H203) scavenging experi-
ment was conducted in Fig. 4b and Fig. S11a. The SL hydrogels soaked in
different manganese concentrations exhibited stepwise clearance ac-
tivity of HyO», indicating its peroxidase-like reaction.

Cellular senescence induced by reactive oxygen species (ROS)
inhibited the osteogenic microenvironment [59], while biomaterials
containing antioxidants could reduce ROS accumulation and promote
bone regeneration by mimicking the activity of antioxidant enzymes
[60]. By this token, SL hydrogels was capable to possess protective ef-
ficacy on cell activity and tissue regeneration under an oxidative stress
microenvironment. To simulate high oxidative stress environment
following fracture injury, we firstly attempted to establish a hyperactive
ROS environment in vitro by adding HyO5 to mimic the inflammatory
condition and evaluate the protective effect of SL hydrogel on the
BMSCs. As a key protein mediating cellular oxidative stress injury,
intracellular p53 protein was significantly upregulated after HyO9
treatment (Fig. 4c), implying the cellular damage and apoptosis by
oxidative stress [61]. On the contrary, addition of the
manganese-containing SL hydrogel led to a downregulation of p53
protein expression, thus demonstrating the specific activation of MnSOD
and protective effect of SL hydrogel against the cellular oxidative
stress-related injury. Therefore, along with the slow release of exoge-
nous supplementation of trivalent manganese, the expression of MnSOD
could maintain high level in cells and exert sustain promotion effect for
more than two weeks (Fig. 4d and e), indicative of the long-lasting
cellular resistance to oxidative stress of SL hydrogel scaffold.

Additionally, p-galactosidase staining also testified that the SL
hydrogel had a protective effect against the increased oxidative stress-
related DNA damage caused by HyO5 treatment (Figs. S11b and c).
Subsequently, we also investigated ability of its anti-oxidative stress on
eliminating the endogenous ROS (i.e., superoxide anion) by treating the
macrophages with LPS. ROS-specific fluorescent probe staining revealed
the efficient inhibition of upregulation process of ROS in macrophages
(Fig. 4f and Fig. S12). Therefore, it could be speculated that the slow
release of manganese trivalent ions could counteract the local oxidative
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Fig. 4. In vitro protective efficacy of the SL hydrogel on BMSCs under oxidative stress microenvironments. (a) Comparison of redox curves of manganese
acetate and SL hydrogel after three redox cycles. (b) In vitro H,O clearance activity by SL hydrogel treatment (n = 3). (c) p53 and MnSOD western-blotting on BMSCs
after HoO, and SL hydrogel treatments. (d) Immunofluorescence analysis of MnSOD colocalized with mitochondria. (e) qPCR assays of MnSOD and Sirt3 after co-
culture for 7 and 14 days (n = 3). (f) ROS-specific fluorescent probe assay for LPS-stimulated macrophages and SL hydrogel treatment.

stress microenvironment via the direct scavenging of hyperactive su-
peroxide anions and HyO» and activating superoxide dismutase in vivo to
prevent the cell damage. These findings implied that the SL hydrogel
could effectively resist the both endogenous and exogenous oxidative
stress by specific upregulation of MnSOD and durably exert the pro-
tective efficacy on cells under oxidative stress microenvironments.

2.5. Invitro osteogenesis activity

The in vitro osteogenic ability of biomimetic SL hydrogels was eval-
uated through osteogenic-specific staining and angiogenesis assays
(Fig. 5a). Alkaline phosphatase (ALP) staining and alizarin red S (ARS)
staining results demonstrated that the hydrogel significantly enhanced
osteogenic tendency of in vitro BMSCs after osteogenic induction both at
7 and 14 days. ALP quantification and staining indicated a significant
enhancement in ALP activity at all stages of osteogenic induction. ARS
suggested the presence of significant osteocalcin nodules in the culture
medium after 2 weeks of co-cultivation, indicating that the sandwich-
layered hydrogel possessed remarkable osteogenic induction activity
in vitro, which ascribed to its excellent biocompatibility and effective
anti-oxidative stress ability. Similarly, the osteogenesis-related specific
proteins (COL1al, Runx2 and BMP4) were upregulated in both PACG-CS
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and SL hydrogel groups (Fig. 5b). qPCR assays of early osteogenic genes
(sppl, sp7, Runx2 and ALP) and mid-late genes (COLlal and BGLAP)
also demonstrated SL hydrogel’s efficacy in promoting osteogenesis
(Fig. 5¢). To further visualize the osteogenic effects in vitro, we per-
formed the immunofluorescence staining of intracellular Runx2 pro-
teins, which suggested that the SL hydrogels could significantly promote
upregulation of Runx2 osteogenesis-related proteins (Fig. 5d). Addi-
tionally, in vitro angiogenesis assays using human umbilical vein endo-
thelial cells (HUVEC) treated with SL hydrogels demonstrated
significant angiogenic activity. Relevant proteins, such as VEGFA, were
also found to be significantly upregulated in the hydrogel treatment
group. The release of manganese ions from SL hydrogels promoted the
angiogenesis, further supporting the crucial role in enhancing osteo-
genic process (Fig. S13).

2.6. In vivo bone repair efficiency of SL hydrogels with restrictive pro-
angiogenesis

To further evaluate the osteogenic properties of the hydrogels,
PACG-CS and SL hydrogel scaffolds were implanted into the 5-mm size
of rat skull defects (Fig. 6a). SEM images showed each layer thickness of
SL hydrogels with 200 pm, 600 pm and 200 pm to biomimetic the
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multilayered cortical-cancellous structure of bone tissues. Energy-
dispersive X-ray spectroscopy (EDS) indicated that the distribution of
manganese ions in the top and down layers of SL hydrogel (Fig. 6b).
After in-vivo implantation for 6 and 12 weeks, Micro-CT showed the
visible bone island formation in both hydrogel groups at 6 weeks, with
denser bone islands in the SL hydrogel group. At 12 weeks, nearly
complete repair was observed in the SL hydrogel group compared to the
partial osteogenesis in the PACG-CS group and little osteogenesis at the
defect edges in the control group (Fig. 6¢). Quantitative results further
demonstrated the repair efficacy of these three groups (Fig. 6d). The
trabecular number (Tb.N) and bone volume fraction (BV/TV) showed
significant differences in the early and middle stages of the process, and
the stratified biomimetic SL hydrogel presented best performance.
Trabecular thickness (Tb.Th) did not show significant changes across all
groups during the early and middle stages of osteogenesis, indicating
that this kind of biocompatible hydrogels supported normal osteo-
genesis at the microscopic level. The degree of anisotropy (DA) is
commonly used to evaluate the orientation and symmetry of trabeculae,
with a higher value indicating greater anisotropy [62]. In this study,
differences in bone anisotropy were observed between weeks 6 and 12.

PACG-CS SL Hydrogel

-

PACG-CS

PACG-CS I SL Hydrogel
= Jekkk
¥ o
c 3— * *kk
2250 0 —Fg 2 N
x —ins x 1 (=] -
- [ |
° ! 5 NS sewns’
c 2.0 2 e
o B 9
% 3
o 1.5+ 5
: :
o 1.0 [
[} c 14
c o
S 0.5- o
o $
i £
® 0.0- 5 0~
= [}
&’ Day 7 Day 14 ¥ Day 7 Day 14

Fig. 5. Invitro osteogenic performance. (a) ALP staining and ARS staining of various hydrogels on days 7 and 14 after osteogenic induction. (b) Western-blotting of
osteogenic-specific proteins. (¢) qPCR quantification of early and mid-late osteogenic-specific RNAs (n = 3). (d) Immunofluorescence staining of Runx2 protein
colocalized with the nucleus.

At week 6, PACG-CS group exhibited significantly higher DA due to the
regular ‘transverse-longitudinal’ interlacing structure. By week 12, SL
hydrogel group showed the increasing DA in the middle and late stages
of osteogenesis. This improvement may be due to the biomimetic
sandwich-layered structure of SL hydrogel group that provided a good
framework and splendid microenvironment regulation for the
full-thickness osteogenesis. It was well-established that blood vessels
were distributed throughout full-thickness bone tissue and played a
supportive role in bone regeneration. However, within the cortical and
trabecular bone, there were differences in vascular distribution [63].
Numerous studies have shown that angiogenesis could significantly
promote the bone regeneration [64]; however, it could only support
bone formation without creating an effective layered structure of
cortical and trabecular bone. In bone anatomy, blood vessels in cortical
bone were relatively sparse and arranged in an orderly manner while the
vascular network in trabecular bone was more abundant and complex.
We proposed that this difference in vascular microstructure may
contribute to varying regeneration outcomes. Therefore, the stratified
biomimetic SL hydrogel should have the function of limited vascular
regeneration. While SL hydrogels had significant pro-angiogenic effects,
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Fig. 6. In vivo bone regeneration. (a) In-vivo implantation of hydrogel scaffolds into rat cranial defects. (b) SEM images and EDS analysis of the implanted SL
hydrogels for the repair of cranial defects in rats. (¢, d) Micro-CT evaluation of the repair effect and their quantitative data in different samples (n = 4). (e) H&E
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analysis from image-J of fluorescence data from multiple samples (n = 4).
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layered scaffolds with various apertures could restrict angiogenic areas
to better fit physiological structures in vivo. Compared to the
non-layered PACG-CS group, the layered SL hydrogel group demon-
strated the superior performance in the regional formation of bone
marrow on the basis of immunofluorescence, H&E and Masson staining
results (Fig. 6e, f and Fig. S14). In the bone regeneration region, bone
marrow was distributed between the newly formed bone in the SL
hydrogel group, allowing for the limited vascular regeneration by week
12, which facilitated the structural restoration of the bone. In contrast,
bone formation in the PACG-CS group was limited due to insufficient
mechanical support and unrestricted vascular regeneration, which
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hindered the formation of dense cortical bone and severely impacted the
mechanical properties of newly formed bone (Fig. 6e, f). Similarly, from
a macroscopic perspective, histological analysis and micro-CT imaging
(Fig. 6¢) of osteoblast samples during the mid to late stages revealed
fractures and deformations in the osteoblast layer of the non-layered
PACG-CS scaffold. In contrast, the layered structure of SL hydrogel
effectively supported the orderly regeneration of bone and facilitated
local osteogenesis.

Immunofluorescence staining of rat skull samples further demon-
strated the superior osteogenic effect of the stratified biomimetic SL
hydrogel (Fig. 6g and h). Runx2 expression was significantly
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Fig. 7. Effects of osteoblasts on immune regulation. (a) Reactome annotation analysis of the close relation between differential genes and immune activation. (b)
Analysis of PPI networks after co-culture of hydrogel and mesenchymal stem cells. (c) Expression of macrophage polarization-related genes detected by qPCR after
hydrogel co-culture with macrophages (n = 3). (d) Macrophage polarization phenotype of macrophages co-cultured with hydrogel-pretreated BMSCs detected by
qPCR (n = 3). (e) Detection of macrophage M2 type polarization in co-culture groups by flow cytometry. Wherein, bmsc(+) means multicellular co-culture. (f)
Polarization quantification by flow cytometry of macrophages (n = 3). (g) Differential ratio of polarization of macrophages after direct versus indirect co-culture in
hydrogels detected by flow cytometry. (h) Inmunofluorescence staining of macrophage polarization states in animal sections (Blue: DAPI; Red:CD86; Green:CD206.
Scale bar, 50 pm). The arrow indicates the interface between newly formed bone and macrophages.
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upregulated in the SL hydrogel group, and microenvironmental regu-
lation of extracellular matrix in the hydrogels also led to a significant
increase in COL-I expression. Similarly, immunohistochemical staining
also revealed specific expression of osteogenesis-related proteins,
including OCN and Runx2, as well as COL-I production (Fig. S15).
Further analysis of the fluorescence distribution of COL-I revealed the
formation of an alternating collagen fiber arrangement similar to that of
normal bone tissue in the SL hydrogel group, whereas such structures
were not obvious in the non-layered PACG-CS group (Fig. S16). This
may also be related to the staged degradation during osteogenesis in the
biomimetic sandwich-layered scaffolds.

2.7. Mechanism of immune regulation centered on osteoblast activation

To further explore the functional roles of the hydrogel beyond
directly promoting osteogenesis, we conducted an in-depth analysis of
the transcriptomic data. Reactome annotation analysis showed a sig-
nificant upregulation of immune-related pathways, indicating an asso-
ciation with immune cell activation in BMSCs (Fig. 7a). The protein-
protein interaction (PPI) network also supported this finding, showing
significant interactions between the key gene sppl involved in bone
regeneration and various integrin receptor-encoding genes, such as
ITGAS8 (Fig. 7b). In combination with the above mentioned direct oste-
ogenic effects, these findings suggested that the layered structures of
biomimetic hydrogels may regulate osteogenic differentiation of stem
cells through integrin receptor-mediated activation of the PI3K-AKT
pathway.

There is increasing evidence that biomaterials can influence osteo-
clasts and osteoblasts by modulating myeloid cells such as macrophages,
thereby regulating bone remodeling and supporting bone regeneration
[65]. In addition, BMSCs can regulate immune cell polarization, espe-
cially macrophage polarization, through a variety of mechanisms,
including exosome release and paracrine signaling [66]. However, the
conversion of stem cells into osteoblasts and the change of local immune
microenvironment during the healing of bone defect represent a com-
plex process. So, we co-cultured hydrogel-pretreated BMSCs with
IFN-y/LPS-pretreated macrophages for 24 h and examined the macro-
phage polarization phenotype using gPCR and flow cytometry. The re-
sults indicated that M1 phenotype of pretreated macrophages was
significantly upregulated (Fig. S17). Macrophages co-cultured with the
hydrogel directly did not show significant phenotypic changes (Fig. 7c),
whereas macrophages co-cultured with hydrogel-pretreated BMSCs
exhibited a downregulation of the M1 phenotype and an upregulation of
the M2 phenotype (Fig. 7d). This was further evidenced by the per-
centage of CD206 and CD80 positive cells in flow cytometry analysis
(Fig. 7e and Fig. S18). These findings demonstrated that the unique
stratified biomimetic structure of hydrogel influenced the macrophage
polarization by specifically activating the immunostimulatory effects of
BMSCs, resulting in a shift of macrophage from a pro-inflammatory to an
anti-inflammatory phenotype.

To further confirm whether the macrophage phenotypic shift was
directly induced by the hydrogel or mediated by BMSCs, we performed a
flow cytometry comparison of CD206-positive cells between LPS-
induced macrophages directly treated with hydrogel and those in the
co-culture group described above. The results showed that polarization
of macrophage M2 in the direct treatment group was significantly lower
than that in the co-culture group (Fig. 7f), and there was no significant
difference in the M2 cell polarization rate in the direct treatment group
(Fig. 7g). In addition, to confirm osteoblast-based immune microenvi-
ronmental regulation, we performed macrophage subtype immunoflu-
orescence staining on 6-week cranial bone sections (Fig. 7h). The results
showed that in soft tissue, the hydrogel-treated group exhibited acti-
vation of the immune environment, but no predominant macrophage
population was observed. In contrast, there were a large number of
significantly activated M2 macrophages around new bone in the SL
hydrogel-treated group, indicating that osteoblasts induced by SL
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hydrogel could also exert a unique immune microenvironment regula-
tory effect. Consequently, the SL hydrogel induced osteoblast differen-
tiation through its unique spatial topology, subsequently modulating the
immune microenvironment, which was in line with the theoretical
framework of osteoblast regulation of immune responses [67-69].
However, fracture healing was a dynamic process involving multiple cell
types, where the osteogenesis required the close cooperation of osteo-
blast and pro-repair phenotypes of macrophages. Therefore, under-
standing the relevant mechanisms to promote fracture healing from the
perspective of multicellular communication represents a promising
research direction.

To further explore potential pathways, single-cell data analysis was
conducted using the SCP1337 public dataset [70], which included both
in vivo derived and in vitro cultured osteoblasts. We identified a specific
sppl high-expression subpopulation present in the in vivo environment
(Fig. S19a). Additionally, we performed a CellChat® analysis to explore
the relationship between this subpopulation and various macrophage
groups. The results indicated that the sppl-CD44 pathway was most
likely to mediate this process (Figs. S19b and c). Meanwhile, this also
indirectly validated that SL hydrogel possessed remarkably biomimetic
microstructures to promote mesenchymal stem cell-like in vivo osteo-
genic differentiation. Although the specific mechanism by which oste-
oblasts promote macrophage polarization has not yet been clarified,
sppl may be a key protein linking this osteogenic immune-related effect.
Further studies are needed to investigate the mechanism underlying this
interaction.

3. Conclusion

In summary, we developed a biomimetic SL hydrogel featuring
sandwich-layered structures using a stepwise end-tail soaking strategy
for robust full-thickness repair of bone defects. Taking advantage of
multiple physical interactions and carboxyl/Mn(III) complexation, SL
hydrogel showed flexible structural fabrication, biomimetic hierarchical
network, excellent mechanical performance, favorable biocompatibility
and excellent radical scavenging efficiency, thus benefiting for BMSCs
activity, proliferation and osteogenic differentiation. By control of the
manganese ion valent and concentration through a peroxidase-like re-
action, SL hydrogel was endowed with enhanced MnSOD activity,
remarkable radical scavenging capacity and protective efficacy on cells
within oxidative stress microenvironments. Under this circumstance, in
vivo results indicated that the structural differences and manganese
distribution across various regions of SL hydrogels exhibited restrictive
angiogenesis mechanism, effectively simulating the vascular distribu-
tion within cortical and trabecular bone. More importantly, the me-
chanical cues inherent of stratified structure mediated macrophage
phenotype transitions that was consistent with the stem cell-osteoblast
differentiation process via the PI3K-AKT pathway, ultimately
achieving full-thickness bone regeneration with optimal healing quality.
Given the widespread presence of metal coordination effects using this
divisional soaking strategy, we are convinced that the proposed
approach is universal and applicable for producing more bioactive
metal-based hierarchical or gradient porous scaffolds with expandable
functionalities for complex anisotropic tissue regeneration. Moreover,
the concept of immune regulation centered on osteoblast activation also
holds broad practical applicability and can significantly improve the
theoretical understanding of immune microenvironment changes during
bone repair.

4. Materials and methods
4.1. Materials
Short-chain chitosan (degree of deacetylation>90 %, viscosity 45

mPa s for 1 % (w/v) solution, molecular weight: ~10 kPa, Jinhu Com-
pany), glycine (Tokyo Chemical Industry Co., Ltd.), acryloyl chloride
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(Energy Chemical Reagent Co., Ltd.). Sodium hydroxide (NaOH), hy-
drochloric acid (HCI1), sodium chloride (NaCl) and calcium chloride
(CaCly) (Sinopharm Chemical Reagent Co., Ltd.). Manganese (III) ace-
tate dihydrate (J&K Scientific Co., Ltd.), N, N-methylene-bis-acrylamide
(MBA) and 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiopheno
(Irgacure 2959) (Alfa Aesar Co., Ltd.), ethyl acetate and petroleum ether
were obtained from Concord Reagent Co., Ltd. and used directly.

4.2. Synthesis of ACG monomer

Typically, 4.5 g of glycine (60 mmol) was dissolved in 60 mL of a
solution of potassium hydroxide (2 M). The mixture was cooled at 0 °C
with ice water bath for 10 min. In brief, 6 mL of acryloyl chloride (73.6
mmol) was added dropwise to the mixture using a dropping funnel. After
stirring for at room temperature for 3 h, the solution was washed with
diethyl ether for two times and the aqueous phase was then acidified to
the pH 2.0. The product was extracted with ethyl acetate for three times.
After drying the organic phase over MgSOj4, the residue was concen-
trated with a rotary evaporator to obtain white solids with a yield of 74
%.

4.3. Preparation of PACG-CS composite hydrogel and PACG-CS@Mn
(IID DN hydrogel

PACG-CS composite hydrogel was prepared by photoinitiated radical
polymerization. Briefly, ACG (0.6 g), CS (0.075 g) and Irgacure 2959
(0.01 g, 1 mol% of ACG monomer) were dissolved in deionized water (4
mL) and further radiated under UV radiation (150 W) for 4 h to obtain
the PACG-CS composite hydrogel. Subsequently, PACG-CS composite
hydrogels were soaked in different manganese acetate solutions (50, 100
and 200 mM) for 1 h to prepare PACG-CS@Mn(III) DN hydrogels.

4.4. Preparation of SL hydrogel

100 mM of manganese acetate solution was dropped on a hydro-
phobic plastic plate to control the thickness of the liquid surface, and the
PACG-CS composite hydrogel was taken to soak the upper and lower
surfaces for 1 h to prepare SL hydrogel. Control of the liquid volume in a
fixed container (6 cm cell culture dish) can conveniently determinate the
liquid surface height.

4.5. Characterizations

'H NMR spectrum was measured on a Bruker Avance 400 or Bruker
Avance IIT 400 HD NMR spectrometer using DO as solvent. Fourier
transform infrared spectroscopy (FTIR) was taken on a TENSOR-27
spectrometer. Scanning electron microscopy (SEM) images were ac-
quired from a JSM-6700F microscope. X-ray photoelectron spectroscopy
(XPS) curves were measured on a Thermofisher Nexsa. Rheological
properties of the hydrogels were tested using a Thermo Fisher HAAKE
MARS III rheometer equipped with parallel plate geometry (20 mm of
diameter) at a gap of 1.0 mm. The hydrogel was measured at 25 °C in a
frequency range of 0.1-10 rad s ! at a strain of 5 %. Nitrogen
adsorption-desorption were measured on an asap2460. The mechanical
testing was conducted on an electromechanical universal testing ma-
chine (C43.104Y, MTS, China).

4.6. Swelling and degradation ratios

The initial weight of freeze-dried hydrogel samples (W) was recor-
ded. Then, samples were immersed in PBS at 37 °C, and the PBS was
replaced every 2 days. In the swelling study, samples were weighed at
the specified time and recorded as W;. The swelling ratio (%) of the
samples was calculated using following formula:

Swelling Ratio (%) = (W, - W) / W, x 100%
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For the in vitro degradation, the hydrogel samples were rinsed,
lyophilized, and weighed after 0 (W) and various specified days, and
the weights were recorded as W;. The degradation ratio (%) of the
samples was calculated using the following formula:

Degradation Ratio (%) = (Wy — W) / Wy x 100%
4.7. Cell culture

rBMSCs, HUVECs, Raw 264.7 and 1929 cells were used in this work.
rBMSCs and Raw 264.7 were cultured in DMEM medium with the sup-
plement of 10 % FBS and 1 % P/S. HUVECs were cultured in ECM me-
dium with 5 % FBS, 1 % ECGS/H, and 1 % P/S supplemented. The cells
were cultured in RPMI 1640 medium supplemented with 10 % v/v FBS
and 1 % P/S.

4.8. Cell adhesion, proliferation and differentiation

First, polyhedron-like scaffolds were sterilized for cell experiments.
For the cell adhesion assay, cells were cultured for 1 day and fixed with
4 % paraformaldehyde (PFA). Alexa Fluor 647-conjugated phalloidin
and DAPI were applied to stain the cytoskeleton and nuclei, respectively.
Fluorescence images were observed by DMI8 (Leica, Germany). The
proliferation activities of cells (rBMSCs, HUVECs, L929 and RAW264.7)
were performed by CCK-8 assay (solarbio, China) [71]. Briefly, at each
time point, CCK-8 working solution was added to the medium and
incubated for 1.5 h. Subsequently, the absorbance of supernatant of the
medium was measured at 450 nm.

4.9. Transwell migration assay

Cell migration was detected using Transwell chambers (Corning,
USA). rBMSCs (2 x 10 cells/well) were seeded in the upper chamber,
while a medium with various hydrogels was added to the bottom
chamber for 24 h. Subsequently, the cells in the upper chamber were
washed and fixed with 4 % paraformaldehyde for 20 min, followed by
permeabilization with 0.1 % TritonX-100 for 30 min. Finally, the cells
were stained with crystal violet solution (beyotime, China) and photo-
graphed and observed under a light microscope.

4.10. In vitro release behaviors

ICP-MS were measured on an Agilent 7700 (MS), and each group of
Mn(III)-containing hydrogels were immersed in PBS solutions for 12 h,
24 h, 48 h, 72 h, and 96 h. After the soaking period, the hydrogels were
removed, freeze-dried, and subjected to complete acid digestion. The
manganese ion concentration in the digestion solution was then
measured. The difference between the manganese ion concentration in
the digestion solution at each time point and at O h represented the
amount of manganese ions released during the corresponding time
period. The in vitro oxidative stress environment was established using
100 pM hydrogen peroxide (H203), and the specific detection proced-
ures were the same as described above.

4.11. ROS detection

Raw264.7 cells (5 x 10* cells/well) were seeded onto the surface of
the hydrogel in a 24-well plate. In order to evaluate the intracellular
ROS levels, the cells were labeled with the fluorescent DCFH-DA probe
from the ROS assay Kkit.

4.12. Osteogenic differentiation
After being cultured for 7 and 14 days, the ALP activity of BMSCs was

evaluated using a bicinchoninic acid (BCA) protein kit (Vazyme, China)
and an ALP kit (beyotime, China). Besides, ALP staining was completed
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by an ALP staining kit (beyotime, China). After 14 days of incubation,
calcium nodules were stained with 1 % AR. After being dissolved in a 10
% cetylpyridine chloride solution, the calcium nodules were quantified
by measuring the optical density value at 540 nm. Both AR and ALP
staining of cells were observed via a stereomicroscope.

4.13. PCR assay

RT-qPCR was applied to measure the expression of specific genes as
previously reported. The genes expression level was calculated by
272ACt method. The primer sequences were listed in Table S2.

4.14. Western blotting

Cells were treated with RIPA lysis buffer to extract total proteins for
Western blot analysis. The protein concentration was determined using a
BCA Kit (Vazyme, China). Equal amounts of protein were separated by
10-15 % SDS-PAGE and transferred onto a PVDF membrane. After
washing the membranes with TBST and blocking them with 5 % skim
milk for 1 h, they were incubated with primary antibodies overnight at
4 °C. PVDF membranes were then washed thrice with TBST and incu-
bated with HRP-labeled secondary antibody at room temperature for 2
h. Chemiluminescent signals were developed using the enhanced
chemiluminescent reagents and detected using the Tanon Imaging Sys-
tem (Tanon-4600).

4.15. Runx2 immunofluorescence staining assays

After BMSCs were cultured on different scaffolds for 48 h, the scaf-
folds were rinsed with PBS solution and fixed in 4 % paraformaldehyde.
Then, Runx2 immunostaining was performed using rabbit polyclonal
antibody (abcam No: ab192256) and Alexa Fluor 488.

4.16. MnSOD2 immunofluorescence staining assay

After BMSCs were cultured on different scaffolds for 48 h, the scaf-
folds were rinsed with PBS solution and fixed in 4 % paraformaldehyde.
MnSOD2 immunostaining was performed using the rabbit polyclonal
antibody (proteintech No: 24127-1-AP) and the Alexa Fluor 488.

4.17. Phalloidin staining

Cells were fixed with 4 % paraformaldehyde for 15 min and per-
meabilized with 0.1 % Triton X-100 for 10 min. After washing with PBS,
the cells were blocked with 5 % BSA for 1 h at room temperature. They
were then incubated with phalloidin conjugated to a fluorescent dye
(TRITC, YEASON, China) at the recommended concentration for 30 min
in the dark. After washing three times with PBS, the nuclei were coun-
terstained with DAPI for 5 min. Fluorescence images were captured
using a Confocal microscope.

4.18. Flow cytometry

Flow cytometry was utilized to characterize the polarization
phenotype of the cultured Raw264.7 cells. Following the manufacturer’s
instructions, the collected cells were incubated in 1 % BSA for 30 min to
minimize nonspecific binding. Subsequently, the cells were washed and
incubated with purified antibodies against F4/80 (Biolegend, B25763,
USA) and CD206 (Santa Cruze, SC-58986, USA) at 4 °C for 1 h in the
dark, followed by two washes. Flow cytometric analysis was conducted
using flow cytometry (BD Bioscience, USA). The data were analyzed
using Flowjo software.

4.19. Angiogenesis-related research

Different scaffolds were immersed in cell culture medium for 24 h in
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advance, and this cell culture medium was collected for HUVECs culti-
vation, respectively. Then Matrigel (200 pL/well) was gelled in a 24-well
culture plate to induce tube formation, and HUVECs were seeded on the
plate for 4 h. Subsequently, AM reagent was used to stain cells, tube
formation ability of HUVECs was assessed with a fluorescence
microscope.

4.20. Animal experiments

The ethics of animal experimentation was approved by the Ethics
Committee of Shanghai Sixth People’s Hospital (DWLL2024-0984). In
this study, 40 six-week-old rats were anesthetized using isoflurane gas.
Circular holes measuring 5 mm in diameter and 1 mm in thickness were
drilled on each side of their skulls, which were then filled with different
hydrogels and sutured closed. Half of the rats were euthanized at six and
twelve weeks for subsequent testing of cranial bone repair effects.

4.21. Micro-CT analysis

The rat calvarial samples were analyzed using micro-CT scans
(Skyscan 1276, Bruker, German). The micro-CT was set at 70 kV and
200 pA, with an aluminum filter of 0.5 mm, and scanning was performed
for all specimens. The scanned images were reconstructed using the
Skyscan NRecon program. Following reconstruction, BV/TV, Tb.Th and
DA were visualized and quantified at the region of interest using Sky-
Scan CTAn and CTVol.

4.22. Immunofluorescences staining assay

The skull tissues were first decalcified in EDTA solution for 4 weeks,
and then dehydrated by sucrose solution, respectively. Next, the samples
were embedded in OCT and sectioned at 10 pm [72]. The slices were
blocked in PBS solution supplemented with 10 % horse serum and 0.3 %
Triton X-100 for 1 h, and then incubated with primary Runx2 antibody
(GB115631, Servicebio, China) and COL-1 antibody (GB115707, Serv-
icebio, China) overnight at 4 °C. Then the second antibodies and DAPI
dyes were added under dark environments. Finally, the immunofluo-
rescence images were observed by DMI6. The immunofluorescence
staining method for CD86 (GB115630, Servicebio, China), CD206
(GB113497, Servicebio, China), and CD31 (GB120005, Servicebio,
China) were the same as described above.

4.23. Bioinformatic analysis and statistics

Transcriptomics study was conducted using bulk RNA-sequencing.
Total RNA was extracted from each group of hydrogel-treated cells.
The quality control of total RNA samples was done by 2100 Expert
Bioanalyzer (Agilent), and RNA sequencing was done by Illumina
Hiseq2000 platform of Majorbio Biotech (Shanghai, China). The data
were analyzed online by the I-Sanger cloud platform.

The analysis of the osteoblast single-cell RNA sequencing dataset
from Ugur M. Ayturk, using the Broad Institute’s Single Cell Portal
(https://singlecell.broadinstitute.
org/single_cell/study/SCP1337/single-cell-rna-seq-of-cultured-and-
primary-mouse-calvarial-cells#study-visualize).

4.24. H&E staining and Masson staining

Decalcified samples were stained with H&E and Masson staining kits
according to the manufacturer’s instructions. Representative images
were obtained using a microscope.

4.25. Statistical analysis

Data were representative of greater than three independent experi-
ments. Statistical differences were determined by One-way ANOVA and
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Tukey’s multiple comparison test. Results were expressed as mean +
standard deviation (SD). The differences were regarded as statistically
significant with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P <
0.0001.
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