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ARTICLE INFO ABSTRACT
Keywords: Type 1I diabetes mellitus (TIIDM) remains a challenging clinical issue for both dentists and orthopedists. By
Biomineralization virtue of persistent hyperglycemia and altered host metabolism, the pathologic diabetic micromilieu with

Type II Diabetes mellitus chronic inflammation, advanced glycation end products accumulation, and attenuated biomineralization

3D prmt}ng L severely impairs bone regeneration efficiency. Aiming to “remodel” the pathologic diabetic micromilieu, we 3D-
Sr-containing mesoporous bioactive glass . - L. Lo . -
nanoparticles printed bioscaffolds composed of Sr-containing mesoporous bioactive glass nanoparticles (Sr-MBGNSs) and gelatin

methacrylate (GelMA). Sr-MBGNs act as a biomineralization precursor embedded in the GelMA-simulated
extracellular matrix and release Sr, Ca, and Si ions enhancing osteogenic, angiogenic, and immunomodulatory
properties. In addition to angiogenic and anti-inflammatory outcomes, this innovative design reveals that the
nanocomposites can modulate extracellular matrix reconstruction and simulate biomineralization by activating
lysyl oxidase to form healthy enzymatic crosslinked collagen, promoting cell focal adhesion, modulating oste-
oblast differentiation, and boosting the release of OCN, the noncollagenous proteins (intrafibrillar mineralization
dependent), and thus orchestrating osteogenesis through the Kindlin-2/PTHI1R/OCN axis. This 3D-printed bio-
scaffold provides a multifunctional biomineralization-inspired system that remodels the “barren” diabetic
microenvironment and sheds light on the new bone regeneration approaches for TIIDM.

Enzymatic cross-links

1. Introduction characterized by hyperglycemia due to deficient or dysfunctional insulin
sensitivity, will reach an alarming global prevalence of almost 10.9%
Diabetes mellitus (DM), a chronic, systemic metabolic disease and (700 million people) by 2045 [1]. With the characteristics of insulin
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resistance and high prevalence, type II diabetes mellitus (TIIDM) is
mostly suffered by middle-aged and elderly people and is accompanied
by jeopardized function and complications of multiple tissues, thus
severely threatening the quality of life of the patient [2,3].

As a consequence of alterations in the host metabolism, persistent
hyperglycemia contributes to the accumulation of advanced glycation
end products (AGEs) and leads to stimulation of reactive oxygen species
(ROS) and escalated production of the inflammasomeNACHT-LRR-PYD
domain-containing protein 3 (NLRP3) and proinflammatory cytokines
(IL-1B), thus inducing chronic inflammation accompanied by increased
proinflammatory M1 macrophage polarization and diminished anti-
inflammatory M2 macrophage polarization [4-6]. As a result, inflam-
mation reduces the capillary formation and induces endothelial
dysfunction, contributing to microvascular disease and impaired bone
healing [7,8].

Hyperglycemia and a constant inflammatory state could directly
impinge on bone metabolism, biomineralization, and the osteogenesis
process [7,9]. The serum levels of osteocalcin (OCN) are decreased in
DM, which alters calcium and phosphate homeostasis [10]. Addition-
ally, the impairment of parathyroid hormone activity is also observed in
DM, which could further induce disordered phosphorus and calcium
(Ca-P) metabolism [11,12]. This disordered Ca-P metabolism further
results in  the alteration of osteo-differentiation into
adipo-differentiation and impairs osteogenic differentiation, which in-
hibits bone regeneration and reduces bone quality and quantity [4,7,9,
13]. The collagenous matrix , which is the basis for bone mineraliza-
tion, features increased glycation-induced crosslinking and shows brittle
mechanical properties in the diabetic microenvironment. This may
further decrease bone quality in terms of poor biomineralization,
increased bone fracture risks [14-16], and impaired bone healing [2,
17].

Clinically, the rising number of diabetic patients remains a massive
challenge for the medical specialties of dentistry and orthopedics, where
the numerous procedures involving bone replacement or augmentation
are impacted by delayed and/or impaired bone regeneration, thus
compromising clinical outcomes and increasing clinical failures [2,15,
18-20]. Hyperglycemia, infection, chronic inflammation, reduced
angiogenesis, impaired osteogenesis, and granulation tissue formation
are challenges of diabetic wound healing and bone regeneration
[21-25].

Till now, various biomaterials loaded with bioactive components
(growth factors, extracellular vesicles [EVs], etc.) have been utilized for
diabetic bone regeneration. Anti-inflammation, angiogenesis, and
osteogenesis are the targets for tissue regeneration in type II diabetes
mellitus (TIIDM) [22,25]. To improve the impaired angiogenesis, small
extracellular vesicles targeting endothelial cells immobilized on poly-
meric coating for p-TCP scaffolds were carried out [26]. To reverse the
proinflammatory micro-environment, 3D-printed GelMA scaffolds con-
taining mesoporous silica nanoparticles (MSNs) loaded with BMP-4
were constructed for accelerating diabetic bone regeneration [27].
However, during the application, there exist great uncertainty about the
dysfunction of those unstable bioactive components in the microenvi-
ronment. In addition, concerning the imbalanced Ca and P metabolism
and impaired bone mineralization in diabetic micromilieu, the concept
of modulation of diabetic biomineralization has not been fully addressed
so far.

Targeting “remodeling” of the pathologic diabetic micromilieu, the
development of bioinspired materials that modulate bone regeneration
via biomimetic mineralization could be an innovative strategy. Sr plays
important role in the modulation of bone metabolism for osteoporosis
[28], glucose regulation for TIIDM [29], and enhance proliferation and
osteogenic differentiation of mesenchymal stem cells [30]. In this work,
we selectedSr-containing mesoporous bioactive glass nanoparticles
(Sr-MBGNs) based on the impressive osteogenic, angiogenic, immuno-
modulatory, and biomineralization-prone activities of Sr, Ca, and Si
ions, which could also act as the biomineralization precursors embedded
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in the extracellular matrix (constructed with gelatin methacrylate,
GelMA, EFL, China) to modulate the dynamic process of biominerali-
zation [31,32]. Launching a combination of biomimetic materials with
3D printing, which can mimic the highly organized and complex hier-
archical structure of natural hard tissue [33], sheds new light on the
potential for bone regeneration in diabetic patients [34].

2. Results and discussion

2.1. Materials characterization of Sr-MBGNs incorporated 3D-printed
scaffold

In this study, we used Sr-MBGNs with different Sr concentrations as
rigid fillers to enhance the mechanical properties, mineralization, and
biological performance of 3D-printed hydrogel scaffolds. SEM images
show the sphere-like shape of Sr-MBGNs, and TEM images confirm their
mesoporous structure (diameter approximately 150 nm) (Fig. 1a). The
results indicated that Sr incorporation did not significantly affect the
mesoporous structure or sphere-like shape when both Ca and Sr were
included in the MBGNs. However, when CaO was completely substituted
with SrO (30Sr-MBGNs), the resulting nanoparticles exhibited a larger
particle size larger than that of other Sr-MBGNSs. In addition, the outer
surface of 30Sr-MBGNs appeared to be covered by a thin coating that
was likely a Sr-rich phase (Fig. 1a). However, Sr-MBGNs remained
amorphous regardless of the Sr concentration, as evidenced by the XRD
results (Fig. Sla), which ensured the biodegradability of these
nanoparticles.

Mesoporous bioactive glass nanoparticles (MBGNs) are character-
ized by their mesoporous structure with large specific surface area and
superior surface reactivity [32], which was confirmed by using the ni-
trogen sorption analysis. As shown in Fig. S1b, the results indicate a
typical isotherm of mesoporous materials [35,36]. The presence of Sr in
the particles did not significantly influence the pore size and SSA for
0Sr-, 5Sr, and 15Sr-MBGNSs, except for 30Sr-MBGNs showing increased
pore size and decreased specific surface areas (SSA).

In addition, the biological performances (e.g., osteogenic, angio-
genic, and immunomodulatory activities) of MBGNs can be tailored by
the incorporation of biologically active ions [31,37]. We used GelMA as
the printable ink to print hydrogel scaffolds considering the superior
biocompatibility and printability.

As indicated by the ICP results, all scaffolds exhibited a continuous
release of Si ions over 14 d (Fig. 1 b), suggesting the degradation of Sr-
MBGNSs. As expected, 30Sr, 15Sr, and 5Sr-MBGNSs released Sr ions in a
sustained way. However, 30Sr-MBGNs could release significantly larger
amounts of Sr ions than 15Sr and 5Sr-MBGNSs, probably due to the
presence of a Sr-rich layer on 30Sr-MBGNs (Fig. 1 a). The Ca ion-
releasing curve showed a constant decreasing trend. Omit the existing
Ca concentration in the high glucose DMEM, as shown in Fig. 1 b, the
decrease of Ca ions could be attributed to the consumption of Ca during
the mineralization (HA formation) process of 0Sr-MBGNs, 5Sr-MBGNs,
and 15Sr-MBGNs group after exposure to high glucose DMEM, which
will be discussed below [38]. Few hydroxyapatite (HA) formations in
30Sr-MBGNs and no HA formation in GelMA might contribute to an
overall constant unchanged level of Ca releasing.

The SEM of the freeze-dried 3D-printed scaffolds showed a regular
printing structure (Fig. 1 c). The optical images of the scaffolds after
incubation in DMEM for 14 d show that the pure GelMA scaffolds could
not retain their stable porous structure after 14 d in the culture medium,
whereas other Sr-MBGNs-containing scaffolds still exhibited porous
structures. Notably, we observed some mineral deposition in the 0Sr-,
5Sr-, and 15Sr-MBGNs scaffolds, which could be the formed calcium
phosphate species (CaP). In addition, it was observed that the hydrogels
turned whitish after incubation in DMEM (high glucose) for 14 d,
probably due to the deposition of calcium phosphate species. SEM im-
ages (Fig. 1d) show the deposition of Needle-like nanostructures on 0Sr-,
5Sr-, and 15Sr-scaffolds, which are likely the formation of HA crystals
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Fig. 1. Characterization of Sr-MBGNs and Sr-MBGNs incorporated 3D-printed scaffolds. a) TEM and SEM characterization of Sr-MBGNs; b) ICP characterization of
the Sr, Ca, and Si ions released by the 3D-printed scaffolds at 1 d, 3 d 7 d, and 14 d after incubation in high glucose DMEM; ¢) SEM characterization of the 3D-printed
GelMA hydrogel scaffolds incorporated with Sr-MBGNS; d) Mineralization of scaffolds after incubation with DMEM (high glucose) for 14 days and the formation of
CaP and HA as observed in the transaction region by SEM; e) XRD patterns confirmation of the formation of CaP and HA during the mineralization process (scaffold
incubate in SBF for 14d); f) EDS analysis of the formation of CaP and HA during SEM analysis of the mineralization on the scaffold; g) Swelling behaviors of the 3D-
printed hydrogel scaffolds; h) degradation behavior of the 3D-printed hydrogel scaffolds; i) Compression stress-strain curve of the scaffolds; j) Compression strength
and Young’s modulus of the scaffolds.
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[39]. Instead, spherical nanostructures were observed on the scaffold of
the 30Sr-MBGNs group which might be the formation of amorphous
calcium phosphate (ACP) [39], while only the cracked surface was
observed on pure GelMA scaffolds after dissolution in simulated body
fluid (SBF) [40]. Energy dispersive spectroscopy (EDS) and X-ray
diffraction (XRD) results (Fig. 1 e, f) confirmed the formation of calcium
phosphate species on the Sr-MBGNs containing scaffolds after immer-
sion in SBF as the presence of P was detected. As a comparison, P could
not be detected on the surface of GelMA scaffolds, indicating the absence
of calcium phosphate-based species including HA and amorphous cal-
cium phosphate. For the EDS outcome, the Ca/P ratio of HA normally
ranges from 1.5 to 1.67, which is in accordance with the Ca/P of
0Sr-MBGNSs, 5Sr-MBGNs, and 15Sr-MBGNs Groups (Fig. 1 f). The Ca/P of
amorphous calcium phosphate (ACP) ranges from 1.2 to 2.2, which
might indicate the ACP existence in the 30Sr-MBGNs group [41]. XRD
results (Fig. 1 e) confirmed the formation of hydroxyapatite (HA) crys-
tals. The diffraction peaks could be observed on XRD patterns of the
freeze-dried scaffolds of OSr-MBGNs, 5Sr-MBGNs, and 15Sr-MBGNs
group. The peaks located at 33° and 48° can be attributed to HA crys-
tals (ICDD No. 9-432) according to the ICDD database [42]. Tiny
diffraction peaks could be observed on the XRD pattern of the
30Sr-MBGNs group, which suggested that HA also formed in the
30Sr-MBGNs group, but the amount was low. No diffraction peaks could
be observed on the XRD pattern of GelMA scaffolds, which was consis-
tent with the results of SEM and EDS.

In summary, the results indicate that the incorporation of Sr-MBGNSs,
as biomineralization precursors, significantly enhanced the HA format-
ting ability of GelMA scaffolds (promoting mineralization). The 30Sr-
MBGNs group appeared to have lower in vitro mineralization
compared to other Sr-MBGNSs, probably due to the lack of Ca in their
compositions. It is known that Ca plays a key role in calcium phosphate
formation [39].

An increase in the swelling ratio weakens the mechanical properties
of hydrogels [43], in our case incorporation of Sr-MBGNs could decrease
the swelling ratio and increase mechanical properties (compression
strength and Young’s modulus) (Fig. 1 g,h). In this nanocomposite sys-
tem, Sr-MBGNs acted as a precursor of mineralization and bridged
GelMA molecules, which improved the integration of the scaffolds, and
consequently enhanced the mechanical performances of GelMA scaf-
folds (Fig. 1 Lj) [44]. The incorporation of 0Sr-MBGNSs, 5Sr-MBGNs, and
15Sr-MBGNs didn’t significantly influence the degradation of the GelMA
scaffolds (Fig. 1 h), which might be due to the balance between degra-
dation and the formation of HA [45,46]. However, few HA formations
(Fig. 1 d, e, f) and higher ion release (Fig. 1b) in 30Sr-MBGNs scaffolds
might result in more significant weight loss. Moreover, to simulate the
clinical situation, the analysis of the mechanical properties and degra-
dation of the scaffolds in a blood/saliva environment at a biological
temperature of 37 °C. in future studies are necessary. Studies focus on
modulating the distribution of nanoparticles, the channels tailored by
3D printing, and interactions between fillers and matrices to optimize
the degradation of composites so that they could coordinate the speed of
tissue in-growth with materials degradation are highly recommended in
the future [47,48].

2.2. Osteogenic function and stimulated biomineralization of Sr-MBGN -
incorporated 3D-printed scaffolds

2.2.1. Optimization of Sr-MBGNs concentrations

BMSCs harvested from type II diabetic rats (TIID BMSCs) and
cultured in DMEM (high glucose-+500 ng/ml lipopolysaccharide (LPS))
were used here to simulate the type II diabetic model in vitro. The
extraction solutions from 10 mg/ml, 5 mg/ml, 1 mg/ml, and 0.1 mg/ml
0Sr-MBGNSs, 5Sr-MBGNs, 15Sr-MBGNs, and 30Sr-MBGNs were incu-
bated with TIID BMSCs for 24 h to evaluate the cytotoxicity and screen
the optimized concentration. The concentrations of 1 mg/ml and 0.1
mg/ml showed great biocompatibility (Fig. S2 a). Given that the
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hydrogel could retard the ion release from Sr-MBNGs, therefore, 1 mg/
ml Sr-MBGNs were finally chosen to be dispersed in GelMA for further
application as the raw material for 3D printing. An enhanced promotion
effect especially for 15Sr- and 30Sr-MBNs scaffolds was observed when
TIID BMSCs were incubated with and seed on the 3D-printed scaffolds
(Fig. S2 b, ¢). ALP and ARS staining outcome of TIID BMSCs cultured
with 3D-printed scaffolds showed that the 15 Sr-MBGNs and 30Sr-
MBGNs group exhibited superior osteogenic effects (Fig. S2 d). The
osteogenesis-related gene expression level of ALP, Runx2, OCN, COL-1,
and Osterix were significantly elevated, particularly for the 15Sr-MBGNs
and 30Sr-MBGNs groups after 7 d of incubation with TIID BMSCs
(Fig. S2 e). These results confirmed the promoted proliferation and
osteogenic differentiation induced by Sr ion [28,30].

2.2.2. In vivo characterization of the osteogenic function

As shown in Fig. 2 a,b, the microCT data, HE, and Masson staining
outcomes indicated satisfactory osteogenesis outcomes for the Sr-
MBGNs groups. The Sr-MBGNs-incorporated scaffolds boosted bone
regeneration by establishing a biomineralization stimulating, ion-rich,
thus regeneration-friendly microenvironment.

2.2.2.1. Bioinspired-biomineralization promoted osteogenesis. The appli-
cation of polymer-based hydrogels for bone regeneration is always
accompanied by limited mineralization (HA layer formation), which can
influence effective bonding with bone tissues and bone ingrowth.
Bioactive glass is a type of material with an active rapid biominerali-
zation function when exposed to simulated body fluid (SBF). Here,
dispersing Sr-MBGNs mesoporous bioactive glass nanoparticles (as CaP
biomineralization precursor) in GelMA (as the extracellular matrix) aims
to form a bionic bone regeneration microenvironment to initiate the
bionic biomineralization process.

As proven by microCT, HE and Masson staining outcomes (Fig. 2 a,
b), the 15Sr-MBGNs and 30Sr-MBGNs groups exhibited superior and
accelerated bone regeneration at the 4 w and 8 w post-implantation
compared to those of the GelMA and control groups in the diabetic rat
model. Regarding bone microarchitectural morphology, improved
trabecular connectivity and decreased porosity were observed, indi-
cating improved bone quality. In addition, the bone growth rate was
significantly promoted in the 15 and 30Sr-MBGNs groups, as indicated
by sequential fluorescence (Fig. 2 c). The underlying mechanism for
biomineralization and bone formation in diabetic rats was further
investigated below.

Regarding natural bone biomineralization, the following three parts
play quite essential roles in the entire process (Fig. 3): 1) prenucleation
ion permeation (calcium Ca?*and inorganic phosphate Pi), 2) collagen-
rich extracellular matrix (ECM), and 3) noncollagenous proteins (NCPs)
[49]. According to the new nonclassical biomineralization theory, there
are two major processes: 1) sequestration of calcium and phosphorous
ions into fluidic amorphous calcium phosphate (ACP) precursors and 2)
templating these clusters into regular forms, which is modulated by
extracellular noncollagenous proteins (NCPs) and other biomolecules
[50,51]. These processes contribute to the intrafibrillar and extra-
fibrillar mineralization of collagen. Subsequently, the mineralized fibrils
are further bundled into a highly ordered and stacked structure, forming
either compact or spongy bone (Fig. 4 a) [52].

1) Sr-MBGNs-incorporated scaffolds regulate the ion prenucleation

As reported, mineral homeostasis and osteoid production are
significantly decreased in TIIDM patients [12], which might represent a
new target for improving bone quality in patients. Will the
scaffold-produced ionic environment modulate the biomineralization
process by regulating ion metabolism?

As shown in the gene ontology (GO) enrichment of ion metabolism
(Fig. S3), the calcium ion homeostasis and the regulation of the
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Kindlin-2, which could further activate the PTH1R and stimulate the excretion of OCN (a type of NCPs) to regulate the intrafibrillar HA alignment and intra-

fibrillar mineralization (schematic was created with BioRender.com).

phosphate metabolic process were promoted by the Sr-MBGNs scaffolds,
particularly for the 15Sr-MBGNs group (4 weeks), which might be due to
the consistent leaching out of Sr, Ca, Si ions playing an important role in
modulating Ca and P homeostasis. The GO enrichment of biominerali-
zation at 4 w (Fig. S4), indicated that both the 15Sr-MBGNs and 30Sr-
MBGNSs groups exhibited significantly activated biomineralization and
bone mineralization.

The underlying mechanism might depend on alkaline phosphatase
(ALPL), an ectoenzyme on the surface of the osteoblast membrane,
which was elevated by the Sr-MBGNs-containing scaffolds (Fig. S2 d),
ALPL can cleave inorganic pyrophosphate (PPi, a potent mineralization
inhibitor) and promote the generation of the activator of ECM miner-
alization Pi (inorganic phosphate). The alteration of the Pi/PPi ratio in
the bone regeneration microenvironment thus further promotes bone
mineralization [49,52]. In addition, matrix vesicle (MV)-mediated
mineralization acts as an auxiliary mechanism for bone mineralization.
MV transfers the intracellular mineralization-promoting enzymes such
as SMPD3, which was promoted by 15Sr- and 30Sr-MBGNs-containing
scaffolds (Figs. 3 and 5), liberating free Pi and precipitating with Ca®*
and thus contributing to the formation of nascent HA [49].

2) Sr-MBGNs-incorporated scaffolds modulate the formation of
collagen-rich ECM

Type I collagen plays a determining role in bone formation. Conse-
quently, the formation of collagen-rich extracellular matrix (ECM) and
appropriate mineralization deposition on the ECM is considered an
important decisive factor for bone mineralization [50]. In terms of the
deposition patterns of HA in collagen, the biomineralization of type I
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collagen includes intrafibrillar mineralization (HA deposits within the
gap zone of collagen fibrils) and extrafibrillar mineralization (HA dis-
tribution on the surfaces of collagen fibrils) [51].

In such circumstances, a compact hierarchical assembly of collagen
molecules in the fibrils and fibers contributes to both intra- and inter-
fibrillar nanoscale gaps that are particularly essential for intrafibrillar
mineralization, because these gaps are only accessible by small mole-
cules such as Ca%t and Pi ions, but not by the large protein inhibitors of
ECM mineralization [49,51].

Stabilization and assembly of newly formed collagen fibers are pri-
marily achieved by covalent intermolecular crosslinking between
neighboring collagen molecules, which comprises enzymatic cross-
linking (lysyl oxidase [LOX]-mediated crosslinking) and non-enzymatic
cross-linking (glycation- or oxidation-induced AGE crosslinking forming
AGEs) (Fig. 4 a). In the healthy physiological process, the total amount
of enzymatic crosslinking in bone, which determines further bone
mineralization and mechanical properties, is strictly regulated by the
expression of LOX [53]. For type II diabetes, the switch from enzymatic
to nonenzymatic crosslinking contributes to excess accumulation of
collagen-AGEs, thus attenuating bone quality and raising bone fracture
susceptibility (Fig. 4 a) [53,54]. Additionally, AGEs could further inhibit
osteoblast differentiation and downregulate the expression level of LOX,
thereby inducing the formation of brittle collagen fibers with an accu-
mulation of microdamage, causing bone collagen degradation and
further hindering the biomineralization process, which ultimately con-
tributes to a positive feedback cycle [14,55-57].

Interestingly, our bionic biomineralization 3D-printed scaffolds
could subtly interfere with such a cycle by targeting LOX. As shown in
the RNA sequencing results, at the 4 w, the LOX gene was upregulated in
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implantation.

the diabetic bone defect region in the 15Sr-MBGNs and 30Sr-MBGNs
groups (Fig. 5 c). As verified by WB (Fig. 4 b), the expression levels of
LOX, Fn, FAK, p-FAK, and Src in TIID BMSCs incubated with 15 and
30Sr-MBGNs scaffolds for 7 d were elevated, which indicates that the
scaffolds promoted collagen crosslinking, fibronectin assembly, cell
adhesion, and ECM remodeling functions through the LOX/ITGA5/FN
FAK/Src signal axis (Fig.4 ¢, Figs. S5 and S6) [58]. FAK and Src play
important role in governing intracellular signals mediating integrin
function and the osteogenetic cell adhesion to ECM or biomaterials [59].
Sr?t could promote the adhesion and proliferation of cells on bio-
materials [60]. Cytoskeleton rearrangement is required to drive
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morphological changes in cells during adhesion and differentiation
processes, as well as to guide the release of calcification vesicles into the
ECM [61]. Importantly, Src has also been related to governing ECM
remodeling by somehow contributing to matrix metalloproteinase
(MMP) involvement in response to biomaterials.

The upregulated LOX could boost the expression of type I collagen
(CoL-1) [62], which was proven by the WB results (Fig. 4 b). Addi-
tionally, when comparing the AGE/CoL-1 ratio in the WB results (Fig. 4
b), the 15Sr-MBGNs group in particular was lower than those of the
control and GelMA groups, which indicates that the upregulated LOX
promoted the expression of CoL-1 and promoted the enzymatic
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Fig. 5. Osteogenesis enhancement induced by Sr-MBGNs scaffolds promoted NCPs secretion and Kindlin-2/PTHIR/OCN axis upregulation. a) GO enrichment
analysis of osteogenesis function; b) Volcano plots indicating the differentially expressed upregulated and downregulated genes for Sr-MBGNs and GelMA group; c)
The related upregulated genes collected from the GO enrichment of osteogenesis function presented in the heatmap; d) Schematic of the NCPs regulation mechanism
(schematic created with BioRender.com); e) Representative Western blot analysis verifying the upregulation of the Kindlin-2/PTH1R/OCN axis at the protein level; f)
KEGG pathway analysis screening the most correlated signaling pathways; g) IHC indicating the positive correlation between the expression level of OCN and PTHIR
at 2 w and 4 w with HE staining used to display the bone defect region; h) immunofluorescent staining confirming the high expression level of Kindlin-2 in TIID
BMSCs after 7 d incubation with 15Sr and 30Sr-MBGNs groups; i) immunofluorescent staining indicating the positive correlation between OCN and PTH1R for TIID

BMSCs after 7 d incubation with the scaffolds.

crosslink, overwhelming the nonenzymatic crosslink in the diabetic
microenvironment, and therefore promoting biomineralization. As
shown in the immunofluorescent images, the CoL-1-positive areas
(Fig. 4 d) in the 2 w and 4w bone defect regions for the 15Sr- and
30Sr-MBGNs groups were superior to the GelMA and the control groups.
The trend of the AGE-positive area is contrary to that of CoL-1 (Fig. 4 d).
In Fig. 4 e, the LOX-positive areas in the 15Sr- and 30Sr-MBGNs groups
at 2 and 4 w, were positively correlated with the osteogenesis protein
OPN and significantly higher than those in the GelMA and control
groups. Taken together, the Sr-MBGNs 3D-printed bioscaffolds could
mimic the biomineralization process by working on the target LOX,
promoting the enzymatic crosslinking of CoL-1 and constructing an
environment conducive to bone mineralization and osteogenesis.

3) Sr-MBGNs-incorporated scaffolds promote the expression of NCPs

As mentioned above, extracellular noncollagenous proteins (NCPs)
play an important role in modulating intrafibrillar mineralization by
regulating the sequestration of Ca and Pi into fluidic amorphous calcium
phosphate (ACP) precursors and templating HA nanocrystal deposits in
the gap zone of collagen fibrils into ordered oriented forms [49,63].

OCN is known as one of the most abundant noncollagenous proteins
(NCPs) in bone tissue, orchestrating bone matrix mineralization and
systematic metabolism. OCN is characteristically expressed by osteo-
blasts and can attach to collagen, regulating the infiltration of CaP
nanoclusters into fibrils and adjusting the alignment of HA nanocrystals,
thus forming intrafibrillar mineralization; therefore, OCN was consid-
ered key to the alignment of apatite crystallites during mineralization
[63].

Regardless, for type II diabetes, a high-glucose environment, and
insulin resistance could induce downregulated OCN levels [64], because
the differentiation of osteoblasts was suppressed by high glucose levels
and decreased OCN serum concentrations [10].

Surprisingly, in the diabetic bone defect model, favorable osteo-
genesis effects could still be obtained by the Sr-MBGNs scaffolds in this
barren diabetic microenvironment. As observed in the GO enrichment
analysis, mesenchymal stem cell differentiation, bone growth, bone
morphogenesis, osteoblast differentiation, and ossification were pro-
moted in the 15Sr- and 30Sr-MBGNs groups (Fig. 5 a,b,c). In addition,
the elevated expressions of PTHIR, LOX, Sp7 (osterix), Collal, Runx2,
Fermt2 (kindlin-2), and Bglap (OCN) could be observed in the heatmap
(Fig. 5 c). We propose that ions (Ca, Sr, and Si) leached out from Sr-
MBGNSs could modulate the excretion level of OCN from osteoblasts ,
working as NCPs and thus further regulating the biomineralization
process (Fig. 5 d, e).

What is the underlying mechanism for this phenomenon? As dis-
played in the KEGG analysis, the pathways related to ECM-receptor
interaction and parathyroid hormone synthesis, secretion and action
were activated (Fig. 5 f).

For vertebrates, the type 1 parathyroid hormone receptor (PTH1R) is
a critical regulator of mineral ion homeostasis (calcium/phosphate ho-
meostasis), skeletal development, and bone regeneration, which can be
activated by parathyroid hormone (PTH) and parathyroid hormone-
related protein (PTHrP) [65,66]. PTHIR stimulation could promote
mesenchymal stem cell (MSC) differentiation into osteoblasts and sub-
sequent osteoblast proliferation and differentiation while inhibiting
osteoblast apoptosis [67].
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Kindlin-2 functions as an intrinsic component of the PTH1R signaling
pathway for osteoblasts regulating the balance of bone mass and ho-
meostasis. The interplay and cooperation between Kindlin-2 and PTHI1R
are essential for regulating bone homeostasis [65]. Kindlin-2, as a key
focal adhesion protein, plays an important role in activating integrin and
promoting cell-extracellular matrix (ECM) adhesion and migration [68].
Loss of Kindlin-2 inhibits RhoA activation and reduces focal adhesion
assembly [69]. Additionally, adipogenesis of MSC differentiation, which
is common in the diabetic micromilieu could be altered by Kindlin-2 and
be switched into osteogenesis direction [69].

As shown in the gene expression heatmap, both Kindlin-2 (fermt2)
and PTH1R were significantly upregulated in the 15Sr- and 30Sr-MBGNs
groups (Fig. 5 ¢). The downstream OCN (Bglap) level was also signifi-
cantly elevated (Fig. 5 c¢). Based on the KEGG analysis, we propose that
kindlin-2/PTH1R/OCN is the main pathway here (Fig. 5 d). This hy-
pothesis was verified by the WB results (Fig. 5 e), which showed
increased Kindlin-2, PTH1R, and OCN levels in TIID BMSCs after 7d of
incubation with the 15Sr-MBGNs and 30Sr-MBGNs-incorporated scaf-
folds. When incubating the TIID BMSCs with the 3D-printed scaffolds, a
significantly increased Kindlin-2 fluorescence signal was observed in the
15Sr- and 30Sr-MBGNs groups (Fig. 5 h), in addition, the increased
expression of PTH1R was positively correlated with OCN for the 15Sr-
and 30Sr-MBGNs group (Fig. 5 i). This elevated expression level of
PTH1R and OCN was also proven in the 2 w and 4 w immunofluorescent
staining of the cranial defect tissue, showing a positive correlation be-
tween the OCN-positive and PTH1R-positive areas (Fig. 5 g).

In summary, Kindlin-2 and PTH1R promote ion homeostasis and
reverse the low expression level of OCN (one type of important NCPs) in
the diabetic micromilieu, working together with the PTH1R downstream
LOX [55] and thus playing an essential role in modulating biomineral-
ization and osteogenesis in diabetic bone defects [70,71].

The human body is full of multiphase biomaterials, as nearly every
tissue contains, at a minimum, cells, a fibrous protein, and a biopolymer
matrix [72]. Simulating the natural biomineralization process and
searching for pathogenic targeting points, the combination of ad-
vancements in biomaterials, and advances in manufacturing provide
new insights for further medical material design and manufacturing.

2.2.2.2. Immune modulation and diminished chronic inflammation. A
low-inflammatory condition is considered essential to an osteogenesis-
friendly environment.

In type II diabetes, a high glucose environment and advanced gly-
cation end products (AGEs) stimulate the production of ROS, and the
production is NADPH oxidase 2 (NOX-2) dependent. NOX-2 induces the
production of ROS, and the intracellular ROS further stimulates down-
stream NACHT-LRR-PYD domain-containing protein 3 (NLRP3) and
activates the pro-caspase-1 into caspase-1, thereby contributing to the
increase in IL-1p secretion, further skewing wound macrophage polari-
zation toward M1 macrophages and contributing to the chronic tissue
inflammation [5,73,74]. Consistently, serum levels of proinflammatory
cytokines such as TNFa and IL-1p are significantly elevated, indicating
latent inflammation in type II diabetic ( TIID ) patients [4,75]. Inflam-
mation is the first response of the immune system to infection or tissue
injury. In diabetes, the NLRP3 inflammasome makes a significant
contribution to the disease development and its complications such as
osteoporosis and impairment of osteogenesis and wound healing [5,6].
Hence, the NOX-2/ROS/NLRP3/IL-1f axis plays an important role in the
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immune imbalance of type II diabetes.

To investigate the immune modulation function, the 3D-printed
scaffolds were directly cultured with TIID BMSCs in DMEM (high
glucose+500 ng/ml LPS) to simulate the TIID diabetic micromilieu in
vitro. The mitochondrial ROS level was significantly diminished in the
15Sr- and 30Sr-MBGNs groups compared with those of the GelMA and
the control groups (Fig. 6 b). This is consistent with the weaker
expression level of NLRP3 in TIID BMSCs when exposed to 15Sr- and
30Sr-MBGNSs groups in the immunofluorescence staining images (Fig. 6
b) and the similar expression trend in tissue levels (Fig. 6 d). As shown in
the WB results, the TIID BMSCs incubated in a high glucose and LPS
environment for 24 h showed an increase in NOX-2, an elevated
expression level of the NLRP3 inflammasome, and activation of caspase-
1. The active caspase-1 further mediated the overproduction of IL-1p in
the control and GelMA groups compared with the lower expression level
in the 15Sr-MBGNs and 30Sr-MBGNSs groups (Fig. 6 a, c). Thereafter, the
downstream secretion of IL-1p could continuously mediate the polari-
zation of macrophages and the severity of inflammation , which was
evaluated through a coculture experiment of Raw 264.7 and the 3D-
printed scaffolds in a simulated diabetic environment (DMEM high
glucose + LPS).

As shown in the flow cytometry scatter and peak plot (Fig. 6 g, h),
Raw 264.7 cells incubated with the 15Sr-MBGNs and 30Sr-MBGNs
groups exhibited less M1 polarization (as detected with biomarker
CD86) and more M2 polarization (as detected with biomarker CD206)
than those of the control group. The tSNE analysis intuitively indicated
the proportion of M1 polarization and M2 polarization intuitively (Fig. 6
g). As confirmed by immunofluorescence staining, thel5Sr-MBGNs and
30Sr-MBGNs groups showed relatively stronger expression of CD206
and lower expression of iNOS than those of the control group (Fig. 6 e).
This was also proven by the PCR results, in which the TNF-a and IL-1p
were expressed at significantly lower levels in the 15Sr-MBGNs and
30Sr-MBGNSs than those in the control group (Fig. 6 f). In summary, the
3D-printed bioscaffolds containing 15Sr-MBGNs and 30Sr-MBGNs dis-
played a predominant immune modulation function, which regulates
the chronic inflammation in type II diabetes through the NOX-2/ROS/
NLRP3/IL-1f axis, therefore furnishing an anti-inflammatory microen-
vironment for further cell recruitment, wound healing, and tissue
regeneration such as bone ingrowth.

In addition, as an important focal adhesion protein, Kindlin-2, which
works as the activator of PTH1R in the biomineralization process and
was significantly upregulated by the 3D-printed scaffold (Fig. 6 c, e),
also plays a critical role in inhibiting NLRP3 inflammasome activation,
thus modulating inflammation [76].

2.2.2.3. Focal adhesion promoted vascularization-osteogenesis. In addi-
tion to biomineralization stimulation, a sufficient nutrient supply
providing a fertile environment via angiogenesis is also essential for
osteogenesis. For type II diabetic patients, the vascular endothelium is
threatened by ROS, AGEs, and chronic inflammation resulting in
dysfunction and depletion of the circulating endothelial progenitor cells
(EPCs) and endothelial cells (ECs) [77], which play important roles in
vascular repair and neovascularization. Thus, diabetic patients experi-
ence reduced angiogenic cytokines, reduced EPCs and ECs populations,
and reduced recruitment due to their impaired cell proliferation, dif-
ferentiation, adhesion mobilization, and migration [8,77].

4 w after the cranial bone defect, the healing process in the region of
the 15Sr-MBGNs and 30Sr-MBGNs groups showed ascendant angio-
genesis. As shown in the RNA sequence results, angiogenesis-related
genes such as Vegfa, Vegfc, and Kdr were significantly upregulated in
the 15Sr-MBGNs and 30Sr-MBGNs groups (Fig. 7 a), and the GO
enrichment indicated that blood vessel development and morphogen-
esis, vasculature development, tube morphogenesis, and tube develop-
ment were significantly activated in the 15Sr-MBGNs and 30Sr-MBGNs
groups compared with those of the GelMA group (Fig. 7 b). The KEGG
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pathway analysis illustrated that the main correlated pathways were the
PI3K-Akt signaling pathway and the focal adhesion pathway (Fig. 7 d).

In the focal adhesion pathway, focal adhesion kinase (FAK) plays an
important role in angiogenesis by regulating ECs migration and inva-
sion, which are highly correlated with PI3K and integral to the process of
angiogenesis. Activated FAK can further form a complex with Src family
kinases through the FAK/Src axis, which plays an essential role in VEGF-
stimulated angiogenesis [78]. To explore the evidence supporting the
GO and KEGG results, immunofluorescence staining was performed. As
shown in Fig. 7 f, FAK expression in HUVECs was elevated in the
15Sr-MBGNs and 30Sr-MBGNs groups compared with those of the
GelMA and the control groups. Consistently, at 2 w and 4 w, both the
FAK-positive area and CD31-positive area in the 15Sr-MBGNs and
30Sr-MBGNs groups were significantly higher than those in the GelMA
and control groups (Fig. 7 c¢), which indicated a positive correlation
between FAK and the representative angiogenesis biomarker CD31
(Fig. 7 ¢).

Clinically, angiogenesis is crucial for promoting impaired wound
healing in type II diabetic patients [17]. In addition, the bone blood
vessel endothelium plays an essential role in bone mineralization and
can tailor the process of bone remodeling and regeneration by delivering
nutrients, oxygen, hormones, or growth factors [79]. Angiogenesis and
osteogenesis are coupled mechanisms during bone development and
healing. This may illustrate the correlation between the impairment of
vascularization and high bone fragility in diabetic patients. At 4 w, the
CD31-positive area was positively correlated with the Osterix-positive
area, and both of them exhibited a relatively high expression level in
the 15Sr-MBGNs and 30Sr-MBGNs groups (Fig. 7 e), which proves the
vascularization-osteogenesis function of the scaffolds in TIID DM.

3. Conclusions

To transform the deleterious and barren diabetic micromilieu, Sr-
MBGNs were dispersed in GeIMA to construct biomineralized 3D-printed
scaffolds. The Sr-MBGNs functioned as biomineralization precursors
inducing the sequential formation of hydroxyapatite. We first revealed
the interesting potential underlying osteogenic mechanisms of Sr-
MBGNs nanocomposites, which promoted the formation of the pro-
biomineralization environment through 1) modulation of ion homeo-
stasis; 2) renovation of the diabetic pathologic nonenzymatic crosslink
(AGEs) and promotion of the formation of LOX-mediated healthy
enzymatic crosslinked collagen, thus facilitating ECM reconstruction;
and 3) elevation of OCN (NCPs) levels to modulate the HA alignment of
intrafibrillar mineralization through the Kindlin-2/PTH1R/OCN axis
and further boost osteoblast differentiation. In addition, the bioactive
scaffolds promoted angiogenesis and modulated chronic inflammatory
conditions through the NOX-2/ROS/NLRP3/IL-1f axis, thus establishing
a “fertile” bone regeneration microenvironment for TIID. In summary,
our study provides a multifunctional biomineralization-inspired work-
ing unit promoting biomineralization, inhibiting inflammation, and
accelerating vascularization to construct a “friendly” microenvironment
for diabetic bone regeneration.

4. Experimental section
4.1. Material characterization

4.1.1. Synthesis of Sr-containing mesoporous bioactive glass nanoparticles

Sr-containing mesoporous bioactive glass nanoparticles (Sr-MBGNs)
with various Sr concentrations were synthesized using a microemulsion-
based sol-gel method as described in the literature [80]. In a typical
process, 5.6 g of cetrimonium bromide (CTAB) was dissolved in 264 mL
of deionized water under continuous stirring. Next, 80 mL of ethyl ac-
etate (EA) was added when the CTAB was fully dissolved. After stirring
for 30 min, 56 mL of aqueous ammonia (1 M) was added and followed by
15 min of stirring. Then, 28.8 mL of tetraethyl orthosilicate (TEOS) was
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Fig. 6. Immune modulation effect of Sr-MBSG hydrogel scaffolds through the regulation of the NOX2/NLRP3/ROS/IL-1p axis. a) Schematic of the mechanism behind
the immune-regulatory effect (The schematic was created with BioRender.com); b) Immunofluorescence staining of the NLRP3, Actin, and MitoSOX labeling in
BMSCs incubated with different Sr-MBGNs-loaded scaffolds; ¢c) Western blot of the NOX2/NLRP3/ROS/IL-1p axis; d) IHC indicating the high expression level of
NLRP3 in the 2 w and 4 w bone defect tissue of control and GelMA groups compared with Sr-MBGNs group; e) Immunofluorescence staining of ROS and macrophage
polarization markers iNOS and CD206; f) qPCR analysis of inflammatory cytokines expression in BMSCs; g-h) Analysis of macrophage polarization by flow cytometry,

macrophages incubated with 15Sr-MBGNs exhibited superior anti-inflammation function and mediated stronger M2 polarization (***p < 0.001,****p < 0.0001 in a

comparison of MBGNs groups with the control group).

<

added. After 30 min of stirring, certain amounts of calcium nitrate tet-
rahydrate and strontium nitrate were sequentially added to the above
mixture at an interval of 30 min. The amounts of Ca and Sr precursors
were determined by the nominal compositions of Sr-MBGNSs. Four types
of Sr-MBGNs were synthesized, which were denoted as OSr-MBGBs,
5Sr-MBGNSs, 15Sr-MBGNs and 30Sr-MBGNs (nominal compositions in
mol%: 70Si0,-30Ca0, 70Si0,-25Ca0-5SrO, 70Si0-15Ca0-15SrO,
and 70Si02-0Ca0-30SrO, respectively). The resulting solution was
stirred for an additional 4 h. The formed nanoparticles were then
collected by centrifugation and washed twice with deionized water and
once with ethanol (96%). The collected deposits were dried at 60 °C
overnight prior to calcination at 700 °C for 3 h with a heating rate of
2 °C/min. All chemicals were purchased from Sigma-Aldrich (USA)
without further purification.

4.1.2. Characterization of Sr-MBGNs

Sr-MBGNs were characterized using field emission scanning electron
microscopy (FE-SEM, Auriga, Carl Zeiss) under an accelerating voltage
of 3 kV. X-ray diffraction (XRD) was performed using a D8 ADVANCE X-
ray diffractometer (Bruker, USA) in a 26 range of 10-80° with Cu K
radiation. In addition, all samples were dispersed in ethanol and then
dropped onto low-background silicon wafers (Bruker AXS, USA). A step
size of 0.014° with a dwell time of 1 s per step was applied. To analyze
the detailed porous structure of Sr-MBGNSs, the particles were dispersed
on a Cu net and analyzed with TEM (JEM 2100F, JEOL, Japan). The
Brunauer-Emmett-Teller (BET) specific surface area (SSA) and pore size
distribution of 0Sr-, 5Sr-, 15Sr-, and 30Sr-MBGNs were determined by
using the nitrogen sorption analysis, conducted on a Micromeritics
porosimeter (ASAP2460, Micrometrics Instrument, USA).

4.1.3. 3D printing of the Sr-MBGNs-incorporated hydrogel scaffolds

Sr-MBGNs (2 mg/ml) were directly mixed 1:1 with 10% gelatin
methacrylate (GelMA, EFL-GM-60) to form a final concentration of 1
mg/ml Sr-MBGNs dispersed in 5% GelMA and form the nanocomposite
hydrogel as the printable ink. The printable ink was equilibrated for 30
min at 23 °C before being loaded onto the cold plate of the 3D printer
(Bioscaffold3.1, GeSiM, Germany). The scaffolds were printed with the
parameters of pressure, 70 kPa; temperature, 23 °C; speed, 9.5 mm/s;
strand height, 0.25 mm; and strand width,0.25 mm into a size of 10 mm
x 10 mm x 1.5 mm. The scaffolds were cut into a cylinder (® 5 mm) for
in vivo cranial defect experiments. The printed scaffolds were freeze-
dried and analyzed with SEM (ZEISS Gemini 300).

4.1.4. Ion release analysis of the Sr-MBGNs-incorporated hydrogel
scaffolds

The 3D-printed scaffolds (10 mm x 10 mm x 1.5 mm) were incubated
in high glucose DMEM (to simulate the diabetic micromilieu). The su-
pernatant was harvested after 1 d, 3 d, 7 d, and 14 d of incubation, and
the concentrations of Sr, Ca, and Si ions were characterized by ICP-OES/
MS (Agilent 7800, USA). Thereafter, the cumulative curve was drawn
based on the ICP data (for each group, n = 3).

4.1.5. Characterization of the biomineralization of the 3D-printed scaffolds

To investigate the biomineralization process, the 3D-printed scaf-
folds were incubated in DMEM (high glucose) for 14 d. Afterward, op-
tical registration was performed to evaluate the change in appearance
change of the 3D-printed scaffolds. After freezing drying (Labconco,
FreeZone, Czech Rep), the transaction regions of the brittle cracked
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scaffolds were investigated by FE-SEM (ZEISS Gemini 300, Germany),
and the chemical composition of mineralization products was charac-
terized using energy dispersive spectrometry (EDS) analysis during SEM
observation.

4.1.6. Characterization of the mechanical properties and swelling ratio

The mechanical properties of 3D-printed scaffolds (5 mm*5 mm*3
mm cubes) were characterized with a universal testing machine (HY-
0230, Hengyi, China) using a speed of 0.5 mm/min, and the data were
recorded until a deformation of 80% was reached. Three replicates were
performed for each group, and the representative curve for each group
was made using GraphPad Prism 9. Young’s modulus was calculated in
the initial linear region (<5%) of the strain-stress curve. Based on the
breaking point of the stress-strain curve, tress strength was calculated
into the bar graph. During the incubation process in high glucose
DMEDM, the swelling ratio was verified through a continuous weighing
process of the scaffolds after incubation forOh1h,2h,3h,4h,8h, 14
h, 18 h, and 24 h for each group.

4.1.7. Characterization of the degradation rate

To understand the degradation of overall scaffolds, we performed a
degradation test (in terms of weight loss of the freeze-dried scaffolds at
0d, 1d, 3d, 7d, and 14d) for the scaffolds.

4.2. In vitro evaluation of biocompatibility

4.2.1. TIID in vitro model

The BMSCs harvested from type II diabetic rats (10 w), which are
described in detail below, were cultured in high glucose DMEM sup-
plemented with 500 ng/ml LPS to simulate chronic inflammation and a
high glucose environment. The second and third passages of the cells
were used for further in vitro experiments.

4.2.2. Cytotoxicity and proliferation

The CCK-8 assay was performed to evaluate the cytotoxicity of
extraction solutions of 0Sr-MBGNS, 5Sr-MBGNs, 15Sr-MBGNSs, and 30Sr-
MBGNs at the concentrations of 0.1 mg/ml, 1 mg/ml, 5 mg/ml and 10
mg/ml through incubation with TIID BMSCs seeded in 96-well plates
according to the manufacturer’s protocol (Yeasen, China). The prolif-
eration effect was evaluated by CCK-8 assay at 1 d, 3 d, and 5 d after
seeding TIID BMSCs on the 3D-printed scaffolds (each group, n = 3). The
EDU cell proliferation kit (Ribobio, China) was used to characterize the
proliferation of the cell-seeded on the 3D-print scaffolds. 3 days after cell
adhesion, the green fluorescence EDU-labeled cells on the 3D printed
scaffolds represent the promoted proliferation effect of 5Sr-MBGNSs,
15Sr-MBGNSs, and the 30Sr-MBGNSs group.

4.2.3. ALP and ARS staining

After incubating TIID BMSCs with the 3D-printed scaffolds for 14 d,
samples were fixed with 4% PFA for 30 min and stained with the BCIP/
NBT ALP color development kit (Beyotime Biotechnology, China)
following the manufacturer’s protocol (n = 3).

After 21 d of osteogenic induction, the TIID BMSCs incubated with
3D-printed scaffolds were fixed with 4% PFA for 30 min, washed with
PBS, and stained with 0.1% Alizarin red (Sigma) dissolved in Tris-HCI
(pH 8.3) for 30 min. The mineralized nodules with calcium deposition
were stained red (n = 3) and quantified at OD 550 nm-
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4.2.4. Real-time PCR and gene expression analysis

TIID BMSCs and Raw 264.7 cells were respectively seeded in 6-well
plates and incubated with 3D-printed scaffolds for 7 d and 3d, respec-
tively. The RNA was isolated and purified using TRIzol® reagent (Invi-
trogen, US) according to the manufacturer’s protocol. After measuring
the concentration and purity with a Thermo Scientific NanoDropTM
1000 ultraviolet-visible spectrophotometer (NanoDrop Technologies,
Wilmington, DE), the RNA was reverse transcribed into cDNA using the
PrimeScript RT Reagent Kit (TaKaRa, Japan). qRT-PCR was performed
on the LightCyler® 480 system (Roche, Switzerland) using the SYBR
Green method. The primers applied in this study were synthesized by
Shenggong Co., Ltd. (Shanghai, China). The 2DACT method was used to
calculate the relative mRNA expression levels of Runx2, OCN, Col-I,
Osterix, TNF-a, and IL-1p, and the housekeeping gene was used to
normalize all mRNA values. GraphPad Prism (GraphPad, USA) was
applied to statistically analyze the data (n = 3).

4.2.5. Western blot analysis

After culturing with the 3D-printed scaffold in high glucose DMEM
(high glucose+500 ng/ml LPS) for 24 h and 7 d, TIID BMSCs seeded in 6-
well plates were harvested with 100 pL RIPA lysis buffer per well
(Beyotime, China). The total protein concentration was quantified with
a Pierce BCA assay (Thermo Fisher Scientific, USA). 20 pg of protein
from each sample was separated by 4-12%ExpressPlus PAGE (Genscript,
China), followed by the transfer of samples onto a polyvinylidene fluo-
ride (PVDF) membrane (0.2 pm, Millipore, Burlington, MA, USA). The
membranes were blocked with TBST buffer containing 5% defatted milk
(Beyotime, China) for 2 h at room temperature (RT) and then incubated
with rabbit or mouse polyclonal primary antibodies against the
following overnight at 4 °C: NLRP3, p-Actin, NOX-2, Caspase-1, Kindlin-
2, IL-1p, Col-I, LOX, AGE, Fn, FAK, p-FAK, SrC, OCN, Crebl, p-Crebl,
and PTHI1R. Finally, the membranes were washed with PBST (0.1%
Tween-20 in 0.01 M PBS), incubated with secondary antibodies (1:1000,
Yeasen, China) for 1 h at RT, and then visualized with an ImageQuant
LAS4000 system (GE Healthcare, Pittsburgh, PA, USA). f-Actin served as
the control (n = 3).

4.2.6. Immunofluorescence staining

The harvested cells were fixed with 4% paraformaldehyde (30 min)
and perforated with 0.1% Triton X-100 (15 min). The prepared samples
were blocked with 5% donkey serum (Yeasen, China) for 40 min at room
temperature and then incubated with the following primary antibodies
overnight at 4 °C: (FAK(Rb, Abclonal, China), NLRP3 (Rb, ABMART,
China), CD206 (Goat, R&D, Canada), iNOS(Rb, R&D, Canada), Kindlin-
2 (Rb, ABMART, China), OPN (Rb, CST, USA), OCN (Rb, Proteintech,
USA), and PTH1R (Ms, Santa Cruz, USA)). The primary antibodies were
followed by fluorescently-labeled secondary antibodies (Yeasen, China)
for 1 h and DAPI (Yeasen, China) for 15 min iFluor™ 488 phalloidin
(Yeasen, China) was used for the staining of the cytoskeleton. The out-
comes were observed using a confocal laser scanning microscope (CLSM,
LEICA DMi8, Germany) platform (n = 3).

4.2.7. Detection of intracellular ROS accumulation

Intracellular ROS production was measured with an the ROS array
kit (Beyotime Biotechnology, China) according to the manufacturer’s
instructions. Briefly, 5000 cells of Raw 264.7 cells were seeded together
with the 3D-printed scaffold in the confocal dish, and 500 ng/ml LPS
was added to the high glucose DMEM to simulate the inflammatory
environment. 3 d later, the cells were washed with PBS and incubated
with 10 pM DCFH-DA in serum-free culture medium for 30 min. After-
ward, residual DCFH-DA was removed by rinsing with PBS. The images
were taken by fluorescence microscopy (Scope.Al, ZEISS, Germany) at
an excitation wavelength of 488 nm (n = 3).

4.2.8. Detection of mitochondrial ROS accumulation
The TIID BMSCs cultured with 3D-printed scaffolds in HG DMEM
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(high glucose+ 500 ng/ml) were stained with 5 pM MitoSOX Red
(Invitrogen, USA) for 15 min at 37 °C to label the mitochondrial ROS.
After removing the residual reacting agent, the cell nucleus were further
stained with Hoechst (Yeasen, China) for 15 min. After removing the
residual staining solution with Hanks (Biosharp, China), the TIID BMSCs
were observed using the CLSM platform (n = 3).

4.2.9. Flow cytometry analysis

Different groups of scaffolds were incubated with M1-polarized
Raw264.7 cells stimulated with LPS (500 ng/ml). The M2-polarized
Raw cells stimulated with IL-4 (20 ng/ml) were used as the positive
control. After 3 d, the cells were collected for flow cytometry. The group
without scaffolds served as the control group. The cells were washed
with PBS and labeled with FixableViabiityStain450 (BD Pharmingen,
USA). After applying Fc block (CD16/CD32, BD Pharmingen, USA), the
cells resuspended in staining buffer were incubated with the following
antibodies: anti-CD11b FITC (BD Pharmingen), anti-F4/80 APC (eBio-
science, Invitrogen, USA), and anti-CD86 PE-Cy7 (BD Pharmingen,
USA). After fixation and permeation, all samples were incubated with
anti-CD206 PE (eBioscience, Invitrogen, USA). The samples were tested
on a BD LSRFortessa (BD, USA). The data were analyzed with FlowJo
software (TreeStar Inc. USA)

4.3. Invivo analysis of the osteogenesis anti-inflammatory and angiogenic
function

4.3.1. Animal model and surgical procedures

Sprague-Dawley (SD) rats were obtained from the Ninth People’s
Hospital Animal Center (Shanghai, China). All the in vivo experimental
procedures applied in the present study were approved by the Animal
Ethics Committee of the Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine (SH9H-2021-A30-1).

The type II diabetic model was developed by a three-week male SD
rat fed with a high-fat diet (high-fat diet with 60 kal%, FB-12492, Wuxi
Fanbo Biotechnology Co., Ltd, China) for 4 w followed by a fasting in-
jection of low-dose streptozotocin (STZ, S0130, Sigma-Aldrich, Mis-
souri, USA) at 30 mg/kg. Successful TIIDM model construction was
verified by fasting glucose levels consistently over 11.1 mmol/L for 2 w.
Afterward, all rats were switched to regular diets.

Two cranial defects were carefully generated. Briefly, a scalp incision
was made under general anesthesia (isoflurane, Ringpu Bio-Pharmacy
Co., Ltd, Tianjin), and the cranial bone was exposed by elevating both
the skin and the periosteum. Two circular critical-sized defects were
formed using a 5 mm diameter trephine bur. Control groups without
scaffolds and scaffolds from the three study groups (GelMA, 15Sr-
MBGNSs, 30Sr-MBGNs) were arranged, and the surgical sites were layer
sutured. For one rat, two defects were performed.

At2w (M =3),4w(n=6),and 8 w (n = 6), the rats were sacrificed,
and the cranial bone was harvested for further analysis.

4.3.2. Transcriptome sequencing and data processing

To investigate the mRNA expression level during the regeneration
process for the cranial bone defect in the type II diabetes model, the
cranial bone was harvested at 4 w (n = 3). After the periosteum and
muscles were removed, the growing bone and materials in the previous
bone defect region were collected. Total RNA of the bone tissue was
isolated using the TRIzol® reagent (Invitrogen Life Technologies, USA)
and quantified using a NanoDrop spectrophotometer (Thermo Scientific,
USA).

Sequencing libraries were generated using the TruSeq RNA Sample
Preparation Kit (Illumina, San Diego, CA, USA). The sequencing library
was then sequenced on a HiSeq platform (Illumina) by Shanghai Per-
sonal Biotechnology Cp. Ltd. [58]..

The original data in FASTQ format (Raw Data) were filtered by
Cutadapt software to obtain high-quality sequences (Clean Data) for
further analysis. The reference genome index was built with Bowtie2



Z. Xu et al.

and the filtered reads were mapped to the reference genome “Rattus_-
norvegicus.Rnor_6.0.dna.toplevel.fa” (Database version: Ensembl
104.6).

HTSeq statistics were introduced to compare the read count values
on each gene as the original expression of the gene, and then FPKM was
used to standardize the expression. DESeq was used to analyze the
differentially expressed genes of according to the following screening
criteria: expression difference multiple |log2 Fold Change| > 1, and a
significant P-value <0.05. Principal component analysis was performed
using the prcomp function. The R package Pheatmap was used to
perform bidirectional clustering analysis of all differentially expressed
genes of samples. Afterward, based on the Gene Ontology database, the
R package topGO was used for GO enrichment analysis of osteogenesis,
angiogenesis, ions, adhesion, and biomineralization functions. The
differentially expressed genes revealed in GO enrichment were collected
to draw a heatmap, to illustrate the gene expression level of the same
gene in different groups. Finally, by counting the number of differen-
tially expressed genes at different levels of the KEGG pathway, the
potentially related signaling pathways in which the differentially
expressed genes are mainly involved were determined.

4.3.3. Sequential fluorescent labeling

Briefly, 30 mg/kg alizarin red (AR), 25 mg/kg tetracycline (TE), and
20 mg/kg calcein (CA) were injected at 2, 4, and 6 w respectively, and at
8 w the animals were euthanized to obtain the specimens (n = 3). The
harvested specimens were embedded in PMMA and cut into ~150 mm
thick slices, and ground and polished to a final thickness of ~40 mm.
These undecalcified sections were observed for fluorescent labeling
under confocal laser scanning microscopy (CLSM, LEICA DMi8, Ger-
many). The excitation/emission wavelengths of the fluorophores were
543/617 nm (AR), 405/580 nm (TE), and 488/517 nm (CA).

4.3.4. Immunofluorescence histological staining

The specimens were harvested at the corresponding time points,
which were fixed in 10% formalin for 24 h and then transferred for
micro-CT (Scanco Medical MicroCT50, Switzerland) analysis before
decalcification in 20% EDTA for 8 w.

The decalcified samples were embedded in paraffin, sectioned (4
pm), histologically analyzed, and immunofluorescently stained. After
dewaxing, the paraffin sections were assessed by hematoxylin-eosin
(H&E, Solarbio) staining and Masson trichrome staining (Solarbio) for
histological analysis. Specifically, the slices were incubated with pri-
mary antibodies against CD31(1:100, CST, USA), FAK (1:50,Abclonal,
China), Osrerix (1:100, Abcam, UK), Col-I (1:100, Abcam, UK), AGE
(1:100,Biossantibodies, China), OPN (1:100, CST, USA), LOX (1:100,
Abcam, UK), PTHIR (1:50, Santa Cruz, USA), Kindlin2 (1:50, Abmart,
China), OCN (1:50, Proteintech, USA), followed by fluorescently labeled
secondary antibodies (1:200, Yeasen, China) and DAPI (Yeasen, China).
After observation under a fluorescence microscope, the sections were
restained with HE (Solarbio, China) staining (n = 3).

4.4. Statistical analysis

All data are displayed as the mean + standard deviation. Statistical
analyses were carried out through GraphPad Prism 9 statistical software
(GraphPad, USA). The normality distribution of the data was confirmed
by using the Shapiro-Wilk test, while the outlier was identified by
Grubbs’ test. Afterward, Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test for multiple comparisons
was used for statistical evaluation. Differences were considered signifi-
cant only if the p-value was less than 0.05. *represent p < 0.05,
**represent p < 0.01,***represent p < 0.001,**** represent p < 0.0001.
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