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The regeneration of maxillofacial bone defects associated with diabetes mellitus remains challenging due to the
occlusal loading and hyperglycemia microenvironment. Herein, we propose a material-structure-driven strategy
through the additive manufacturing of degradable Zn-Mg-Cu gradient scaffolds. The in situ alloying of Mg and
Cu endows Zn alloy with admirable compressive strength for mechanical support and uniform degradation mode
for preventing localized rupture. The scaffolds manifest favorable antibacterial, angiogenic, and osteogenic
modulation capacity in mimicked hyperglycemic microenvironment, and Mg and Cu promote osteogenic dif-
ferentiation in the early and late stages, respectively. In addition, the scaffolds expedite diabetic maxillofacial
bone ingrowth and regeneration by combining the metabolic regulation effect of divalent metal cations and the
hyperboloid and suitable permeability of the gradient structure. RNA sequencing further reveals that RAC1 might
be involved in bone formation by regulating the transport and uptake of glucose related to GLUT1 in osteoblasts,
contributing to cell function recovery. Inspired by bone healing and structural cues, this study offers an essential
understanding of the designation and underlying mechanisms of the material-structure-driven strategy for dia-
betic maxillofacial bone regeneration.

1. Introduction inflammation. The pro-inflammatory microenvironment constrains the

osteoblast adhesion and proliferation and impedes their osteogenic

Maxillofacial bone defects caused by trauma and disease can result in
physiological dysfunction (chewing, speech, and breathing) and psy-
chological harm arising from physiological dysfunction and maxillofa-
cial abnormalities. Due to the aging population and unhealthy diets
related with urban living, the prevalence of maxillofacial bone defects
associated with diabetes mellitus (DM) continues to surge [1]. DM is a
metabolic disorder characterized by hyperglycemia and chronic
inflammation. The glucose fluctuation can be detrimental to maxillo-
facial bone remodeling by producing elevated advanced glycation end
product (AGE), reactive oxygen species (ROS), and sustaining
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differentiation with accelerated senescence [2,3]. In addition, hyper-
glycemia could suppress the propagation of angiogenic cells [4,5], and
induce vessel regression and basement membrane thickening, leading to
insufficient tissue oxygenation and impaired cell trafficking [6]. How-
ever, the frequent exposure to the oral bacterial environment [7], and
chronic inflammatory microenvironment caused by hyperglycemia [8],
further increase the risk of bacterial infection and led to a critical failure
of maxillofacial bone regeneration. Considering the unsatisfactory re-
sults of conventional bone regeneration methods in treating diabetic
bone defects, there is a serious need to develop an efficient treatment
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Scheme 1. Schematic illustration of the Zn-Mg-Cu gradient scaffold for
material-structure-driven diabetic maxillofacial bone regeneration: (A)
The hyperboloid structure of the gradient TPMS scaffold inspired by trabecular
bone, (B) The ion release and topological structure of the scaffolds can syn-
ergetically regulate osteoblast behaviors and functions for diabetic
bone formation.

strategy to boost diabetic maxillofacial bone regeneration.

Tissue regenerative medicine can serve as an effective approach for
treating maxillofacial bone defects by utilizing degradable bone scaf-
folds. An ideal biodegradable bone scaffold possesses favorable me-
chanical properties, a degradation rate comparable to bone
regeneration, biological functionality, and a three-dimensional inter-
connective porous structure. Degradable metals can release divalent
metal cations to facilitate bone healing and be gradually absorbed after
regenerating bone defects. Li et al. conducted multiscale architecture
design of 3D printed biodegradable Zn-based porous scaffolds for
immunomodulatory osteogenesis [9]. Zn-Mg alloy draws more atten-
tion in orthopedic applications due to its good mechanical strength,
suitable degradation rate, and physiological relevance [10]. Wang et al.
additively manufactured Zn-2Mg alloy porous scaffolds with custom-
izable biodegradable performance and enhanced osteogenic ability
[11]. The release of Mg?" could induce vascularization by upregulating
MagT1 expression in endothelial cells and mimicking the microenvi-
ronment of natural bone regeneration [12]. However, the acceleration
effect of Mg ion on bone regeneration was time-dependent and partic-
ularly pronounced during the initial inflammation phase of osteogenesis
[13], which could not satisfy the requirement for biomaterials with
relatively long-time pro-osteogenesis in diabetic bone regeneration
[14]. Cu was demonstrated to enhance the viability and osteogenic ac-
tivity of osteoblasts [15], as well as the rigid and self-supporting
collagen, which were closely related to bone regeneration [16,17].
Meanwhile, copper (Cu) effectively inhibits bacterial growth and plaque
formation, thereby preventing infections and reducing complications
such as abscesses, osteomyelitis, and sepsis [15,18,19]. Significantly, the
disturbances of Cu ions in serum and bone were found to impact cellular
glucose metabolism. The appropriate supplementation of Cu element is
beneficial to the recovery of metabolic imbalance and function in pe-
ripheral tissue cells [20-22]. Therefore, the incorporation of Cu into Zn
alloy might construct an optimal intracellular microenvironment for
ossification in hyperglycemia by steering the glucose metabolism and
functions of osteoblasts.
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Apart from material designation, the topological structure of the
scaffolds has a significant influence on modulating cell behaviors and
functions and remodeling bone defects [23]. The lattice structure of the
scaffolds mimicking trabecular bone not only provides Young’s modulus
matching bone tissue but also induces strengthened bone integration
and appealing bone ingrowth [24,25]. Herein, we designed a gradient
structure (20%-40 %) with a triply periodic minimal surface lattice
(Gyroid-type). The volume fraction varied from 20 % to 40 % along the
building direction. Hyperboloidal topography of TPMS can enhance the
osteoblasts adhesion and migration and the gradient structure benefits
bone ingrowth behavior [26]. Spurred by additive manufacturing, we
used laser-powder-bed-fusion (LPBF) to fabricate a Zn-Mg-Cu gradient
gyroid scaffold. LPBF can solve the metallurgical challenges between Zn,
Mg, and Cu elements while simultaneously preparing a gradient gyroid
structure [27,28].

In this work, we propose a material-structure-driven strategy
through the additive manufacturing of Zn-Mg-Cu gradient gyroid
scaffolds. The Mg and Cu incorporation endows Zn alloy scaffolds with
favorable mechanical strength and uniform degradation mode by
boundary engineering and in situ alloying. The permeability of the
gradient gyroid scaffold and the generation of CaP compounds are
beneficial for nutrient transportation and osteogenic differentiation,
respectively. In addition, Zn-Mg-Cu scaffolds manifest antibacterial,
angiogenic, and osteogenic modulation capacity in mimicked hyper-
glycemic microenvironment and expedite maxillofacial bone formation
in diabetic rabbits. RNA sequencing (RNA-seq) reveals that RAC1 might
be involved in bone regeneration progress by affecting glucose meta-
bolism in osteoblasts. Inspired by bone healing and structural cues, we
explore a material-structure-driven strategy by combining the metabolic
regulation effect of divalent metal cations and gradient gyroid structure
construction for treating diabetic maxillofacial bone defects (Scheme 1).

2. Results
2.1. Characterization of the Zn alloy gradient gyroid scaffolds

To achieve material-structure-driven bone regeneration, we utilized
laser additive manufacturing (AM) to fabricate degradable Zn alloy
gradient gyroid scaffolds. In situ alloying of materials and gradient
structure construction can be simultaneously achieved during the AM
process. We first inspected the printability, microstructure characteris-
tics, and mechanical behavior of the Zn alloy scaffolds. As shown in
Fig. 1A, gradient gyroid scaffolds were prepared from Zn alloy powders
with favorable and compact surface transition, producing the hyperbo-
loidal and gradient topology (80 %-60 % porosity). The overall poros-
ities of the printed Zn, Zn-Mg, and Zn-Mg-Cu gyroid scaffolds were
calculated to be 65.83 + 1.26 %, 67.17 + 1.61 %, and 66.47 + 1.50 %,
respectively. The average wall thickness of the printed Zn, Zn-Mg, and
Zn-Mg-Cu gyroid scaffolds were measured to be 1.60 £+ 0.08 mm, 1.51
+0.13 mm, and 1.55 + 0.11 mm, respectively. The gradient designation
can enhance penetration capability for nutrients and cells, benefit
cellular viability and differentiation, and strengthen mechanical stabil-
ity [29]. Microstructure analysis reveals that refined cellular and
columnar substructures are randomly distributed in the Zn alloys, in
contrast to the elongated and coarse lath grains in Zn (Fig. 1B). The
inverse pole figures illuminate that the Mg and Cu incorporation de-
creases the average grain size from 4.86 pm (Zn) to 1.78 pm (Zn-Mg)
and 2.08 pm (Zn-Mg—Cu), respectively (Fig. 1C). Meanwhile, the Mg
addition dramatically suppressed the peak texture intensity from 10.19
(Zn) to 2.55 (Zn-Mg), as verified by pole figures (Fig. 1D). Moreover, the
X-ray diffraction (XRD) spectra of the Zn-Mg and Zn-Mg-Cu reveals the
characteristic peaks of a-Zn and Mg,Zn;; phase, as depicted in Fig. 1E.

To thoroughly comprehend the strengthening mechanisms induced
by alloying elements and the AM technique, the Zn-Mg-Cu alloy was
subjected to transmission electron microscope (TEM) observation.
Bright-field images reveal the presence of cellular grain, dislocation pile-
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Fig. 1. Characterization of the Zn alloy gradient gyroid scaffolds. A-D macrostructure, microstructure, inverse pole figures, and pole figures. E Phase compo-
sition. F Bright-field image of the microstructure of Zn-Mg-Cu. G High-resolution TEM (HRTEM) image of Zn-Mg-Cu showing the long period stacking ordered
(LPSO) structure and corresponding selected area electron diffraction (SAED) patterns. H-I HRTEM image of Zn-Mg-Cu and corresponding geometric phase analysis
(GPA) of the phase interface. J High-angle annular dark-field (HADDF) image of Zn-Mg-Cu and corresponding EDS mapping for Zn, Mg, and Cu elements. K
Compressive stress-strain curves. L Visual inspection of the tested scaffolds and stress distribution simulations of the gradient gyroid structure under axial
compression using finite element methods. M Porosities and compressive strengths of Zn alloy gradient gyroid scaffolds and other 3D-printed bone scaffolds.

up, and precipitations, indicating the grain boundary and dislocation angle annular dark-field (HAADF) images, the Mg and Cu elements are
strengthening (Fig. 1F). In addition, a high-resolution TEM (HRTEM) intertwined and uniformly distributed throughout the Zn matrix, sug-
image of Zn-Mg-Cu shows the 4H-type long-period stacking ordered gesting solid solution strengthening. The mappings further demonstrate
(LPSO) structure (Fig. 1J) and corresponding selected area electron that AM technology is capable of strengthening the element dissolution
diffraction (SAED) patterns (Fig. 1G). Geometric-phase analysis (GPA) in the Zn matrix, mitigating element segregation [30].

further displays a high density of lattice distortion neighboring the Fig. 1K and L depict the stress-strain curves and digital images of the
phase interface of Zn-Mg-Cu alloy (Fig. 1H and I). According to high- scaffolds following the compression testing. Relative uniform
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Fig. 2. Degradation and electrochemical behavior. A Digital and SEM images depicting the degradation morphology. B EDS mapping results for the degraded
Zn-Mg-Cu scaffold. C Geometrical model of the mass-transport simulations, and velocity and pressure contours. D Potentiodynamic polarization (PDP) curves. E
Nyquist plots. F Bode plots of the impedance modulus |Z| vs. frequency. G-I XRD spectra, FTIR spectra, and Raman spectra of the degradation products (SMK:
Zns(OH)gCly-H0; HDZ: Zns(CO3)2(OH)e). J XPS wide-scan spectrum of the degradation products of Zn-Mg-Cu. K High-resolution XPS spectra of the degraded
surface of Zn-Mg—Cu for Zn 2p, C 1s, O 1s, and P 2p.
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Fig. 3. In vitro antibacterial and biocompatible performance of the Zn alloys. An Identification images of S. aureus on the Baird-Parker agar plate and E. coli on
Eosin-Methylene Blue agar plate. SEM images of morphological alteration of S. aureus and E. coli incubated with different Zn alloys (The yellow triangles denote the
disrupted bacterial membrane), scale bar = 3 pm. B Representative photos of S. aureus as well as E. coli colonies treated with diverse Zn alloys and (C) corresponding
antimicrobial rate of S. aureus and E. coli, n = 3. D CCK-8 results of MC3T3-E1 and HUVEC cells cultured with different substrates for 1, 3, and 5 d, n = 3. E Live/dead
(Calcein-AM/PI) fluorescence images (scale bar = 100 pm) and (F) morphologies of cells cultured with various Zn alloy extracts for 1 d captured by CLSM (F-actin
were stained red, and the cell nuclei were stained blue, scale bar = 100 pm). The data are shown as the mean + SD; *P < 0.05, **P < 0.01, and ***P < 0.001 indicate

significant differences between the indicated columns.

<

deformation of the gradient gyroid scaffolds suggests their favorable
structural integrity. In addition, the compression simulation result of the
gradient gyroid structure corresponded well with the experimental re-
sults, revealing the avoidance of substantial stress concentration.
Zn-Mg-Cu scaffolds possess a strength of 21.95 + 0.76 MPa, which is
52.3 % higher than that of the Zn scaffold and matches the compressive
strengths of trabecular bone (10-70 MPa). In comparison with the re-
ported data of bone scaffolds, the strength-porosity ratio of Zn alloy
gradient gyroid scaffolds surpasses that of other degradable biomaterials
and lies between hydroxyapatite and titanium alloys (Fig. 1M) [31-33].
The scaffolds can further fulfill the load-bearing requirements for
cancellous bone and cortical bone by adjusting the structure density.

2.2. Degradation and electrochemical behavior

We further evaluated the degradation behavior of Zn alloy gradient
gyroid scaffolds. White degradation products were visible on the surface
of the Zn alloy scaffolds after 28 days of degradation. No apparent
partial failure can be observed for all the scaffolds, and Zn-Mg-Cu
scaffolds present a more uniform degradation product generation
compared with Zn-Mg scaffolds (Fig. 2A). After removing degradation
products, the weight loss percentage of Zn, Zn-Mg and Zn-Mg-Cu
scaffolds was calculated to be 7.21 + 2.54 %, 12.75 4 4.16 % and 10.26
+ 3.45 %, respectively. Compared with Zn, the incorporation of alloying
elements accelerates the degradation process. Due to the gradient
structure of the scaffold, the degradation rate may vary at different
spatial locations. The smooth and continuous surface of sheet-based
TPMS structure and more uniform corrosion behavior of Zn-Mg-Cu
could reduce the risk of local failure. SEM observation suggests that tiny
spherical particles spontaneously formed on the surface of the
Zn-Mg-Cu scaffold. Energy-disperse spectrometer (EDS) mappings of
the degraded Zn-Mg—Cu scaffold elucidate that the white compounds
formed on the strut contain Zn, Ca, O, P, and Cl elements (Fig. 2B).
Biomimetic calcium phosphate (CaP) compounds are endowed with
biocompatibility and osteoconductivity, which can augment both
angiogenesis and bone formation [34].

In addition, we construct a computational fluid dynamics (CFD)
model to analyze the mass-transport behavior of the gradient gyroid
structure. The permeability and pressure drop are calculated from the
CFD simulations, as shown in the velocity and pressure contour
(Fig. 2C). The models exhibit an irregular velocity distribution, with the
highest velocity found at the pore centers. Most regions possess lower
flow velocities (<1.5 mm/s), providing a suitable environment for cell
adhesion and enhancing oxygen transportation. The permeabilities of
the structure are 3.56 x 1078 m?, comparable to the reported perme-
abilities of trabecular bone [35]. Meanwhile, a linear decrease in pres-
sure can be observed along the fluid flow path. The slight pressure drops
(0.35 Pa) indicate favorable mass-transport performance, benefiting
nutrients supplement and waste metabolism.

To analyze the degradation mode difference induced by alloying
elements, we evaluated the electrochemical corrosion features of Zn
alloys using potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) testing. The corrosion potential of Zn
alloys shows shifts toward the negative direction as compared to Zn
(Fig. 2D). Nyquist plots (Fig. 2E) suggest that Zn-Mg alloy possesses
bigger impedance rings at a low frequency than Zn, indicating an
increased corrosion trend. Furthermore, the Cu element increases the
impedance rings and associated anti-corrosion tendency. The impedance
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modulus at low (0.01 Hz) and medium (10 Hz) frequencies in bode plots
further verified the variation rules obtained from Nyquist plots (Fig. 2F).
The preceding results illuminate that Mg element exacerbates the
corrosion tendency, whereas copper (Cu) mitigates the corrosion trend.

We further use XRD, Fourier Transform-Infrared (FTIR), Raman, and
X-ray photoelectron spectroscopy (XPS) to analyze the compositions of
the degradation products. The peaks corresponding to ZnO, Zn(OH)s,
Zns(C0O3)2(0OH)g, and Zns(OH)gCly-HoO (Fig. 2G) can be detected in the
XRD spectra. FT-IR spectra reveal the vibration corresponded to
Cag(PO4)-H20, Zns(OH)gCly-H20, and ZnO (Fig. 2H). Raman spectra
further validate the appearance of Zns(OH)gCly-H20O —and
Zns(CO3)2(OH)e (Fig. 2I). Meanwhile, the high-resolution XPS spectra of
the degradation products reveal the presence of Zns(OH)sCly-H20, ZnO,
and Cas(P0O4)-H20 (Fig. 2K-N).

2.3. Antibacterial properties

In the maxillofacial region, bone implants often face more complex
microbiological challenges due to the openness of the anatomical site,
which can lead to a higher risk of bone regeneration failure [36-38]. As
a result, Zn alloy implants have been designed with enhanced antimi-
crobial properties to effectively manage microorganisms and achieve
successful reconstruction of the defects. The antibacterial activity of Zn
alloys was assessed against Gram-positive Staphylococcus aureus
(S. aureus) and Gram-negative Escherichia coli (E. coli). Various Zn al-
loys were co-cultured with the bacteria, and their morphology was
observed using Scanning Electron Microscopy (SEM). It was found that
both S. aureus and E. coli exhibited significant shrinkage and damage
when cultured with the Zn-Mg-Cu group (Fig. 3A). Additionally, a
bacterial adhesion assay was conducted using the spread plate method.
Fig. 3B shows that the agar plate in the control group was almost entirely
covered with S. aureus and E. coli colonies, while the number of colonies
on the Zn alloys was significantly lower. Notably, only a few colonies
were observed on the Zn-Mg-Cu alloy. After 24 h of exposure to
Zn-Mg-Cu eluate, nearly 50 % of S. aureus and 25 % of E. coli were
killed. The antibacterial rate of the Zn-Mg—Cu group showed a signifi-
cant increase, reaching 4.5 times higher than that of pure Zn and 2.6
times higher than that of the Zn-Mg group (Fig. 3C). These results
confirm that the Zn-Mg-Cu group is effective in controlling bacterial
infections.

2.4. In vitro biocompatibility evaluation

Osteoblasts and endothelial cells play crucial roles in the bone
regeneration process and are essential for determining the biocompati-
bility of implants [39]. In this study, MC3T3-E1, an osteoblast precursor
cell line, and HUVEC, an endothelial cell line, were used to evaluate the
biocompatibility of Zn alloy implants in vitro. MC3T3 and HUVEC cells
were co-cultured with various Zn alloy extracts at a 25 % concentration,
and OD values were determined at specific time points using the cell
counting kit-8 (CCK-8) assay to assess the effect of materials on cell
proliferation. Cells incubated with the three Zn alloy extracts exhibited a
tendency towards increased proliferation, with the Zn-Mg-Cu group
showing the most pronounced proliferative-enhancing potential
compared to Zn or Zn-Mg (Fig. 3D). Additionally, the cytotoxicity of
different Zn alloys to MC3T3 and HUVEC cells was evaluated using
live/dead staining. After 24 h of incubation, virtually no dead cells
stained red in all groups, suggesting that Zn alloy implants demonstrated
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Fig. 4. Invitro angiogenesis potential of the Zn alloys in mimicked hyperglycemic microenvironment. A Morphologies of HUVEC cells treated with diverse Zn
alloy extracts for 24 h in mimicked hyperglycemic microenvironment captured by CLSM and corresponding quantitative analysis of mean cell area, n = 3. B
Representative images of the scratch wound healing assay at 0 and 24 h and (D) corresponding quantification of the percentage of wound healing, n = 3. C Tubular
network formation of HUVECs after 6 h of incubation with different Zn alloy medium and E quantitative assessment of angiogenic parameters, including the number
of meshes, nodes and total length, n = 3. F Representative immunofluorescent images and (G) ELISA analysis of VEGFA showing the angiogenesis effect of different
Zn alloy extracts on the HUVEC cells. (* and * represent p < 0.05 when compared with control and HG respectively. *p < 0.05, **p < 0.01, ***p < 0.001; *p < 0.05,

##p < 0.01, *##p < 0.001).

favorable biocompatibility without any obvious cytotoxic effects
(Fig. 3E). These results were supported by CLSMimages of cell
morphology and cytoskeletal organization (Fig. 3F). Similar to the Zn
and Zn-Mg groups, cells in the Zn-Mg-Cu group exhibited early adhe-
sion and spreading with filamentous extensions, indicating good cyto-
compatibility. Based on the ion concentration in the extracts (Fig. S12),
the incorporation of alloying elements facilitates the release of Zn ions,
surpassing that of the pure Zn. This phenomenon could potentially
explain the enhanced antibacterial properties of Zn-Mg alloy compared
to pure Zn. Zn-Mg-Cu alloy contains a comparatively higher amount of
Zn and Cu ions relative to the Zn-Mg alloy, which is beneficial for
improving antibacterial efficacy, as well as promoting angiogenesis and
subsequent osteogenic capabilities.

2.5. In vitro angiogenesis potential in mimicked hyperglycemic
microenvironment

The process of bone regeneration is closely linked to the process of
angiogenesis [40,41]. Blood vessels invade the ossification region to
initiate osteogenesis by providing nutrients and secreting essential
osteogenesis-related cytokines, such as vascular endothelial growth
factor (VEGF) [42]. As a systemic metabolic disease, DM is often
accompanied by a variety of vascular dysfunction [43]. HUVEC cells
cultured in high-sugar Dulbecco’s modified eagle media (DMEM;
Hyclone) were used to evaluate the angiogenic performance of Zn alloys
in a hyperglycemic microenvironment in vitro. Immunofluorescence
staining revealed that HUVEC cells in high-glucose environments
exhibited poor spreading with a reduced cell spread area. Notably, cell
shrinkage induced by high glucose was partially mitigated in all Zn alloy
groups, suggesting improved cell viability (Fig. 4A). Based on this
observation, wound healing experiments were conducted to assess the in
vitro migration capacity of HUVECs with varying Zn alloy extracts as
depicted in Fig. 4B, the scratch width decreased significantly after
incubating with Zn alloy extracts for 24 h compared to the high-glucose
group. The healing percentage of the Zn-Mg—Cu group reached 80 %,
nearly matching that of the normal group, which highlights its effec-
tiveness in promoting HUVEC migration (Fig. 4D).

We further assessed the angiogenesis-inducing potential of Zn alloys
using a tubule formation assay. As seen in Fig. 4C, high glucose hindered
tubule formation in HUVEC cells, resulting in fragile and incomplete
tubules compared to the control group. After administering Zn-Mg—Cu
extracts, more capillary networks with favorable morphological char-
acteristics were observed (Fig. 4C). Quantitative analysis revealed that
the corresponding meshes, nodes, and total length were higher than
those in other treatment groups, indicating the modulation ability of the
Zn-Mg-Cu group to promote vascularization (Fig. 4E). Moreover, the
Zn-Mg-Cu group significantly alleviated the inhibitory effect of a high-
glucose environment on VEGF protein expression (Fig. 4F-G) and mRNA
expressions of VEGFA, FGF1, and FGF2 (Fig. S1A) in HUVECs. This
could indirectly promote the osteogenic differentiation of osteoblasts, as
demonstrated by the increase in dark blue area and ALP activity
(Figs. S1B and C). In conclusion, the Zn-Mg-Cu group enhanced the
angiogenic ability of HUVECs in a simulated hyperglycemic microen-
vironment, creating a favorable setting for long-term bone regeneration.
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2.6. In vitro osteogenic differentiation of osteoblasts in mimicked
hyperglycemic microenvironment

Next, we examined the impact of Zn alloys on the osteogenic dif-
ferentiation of MC3T3-E1 cells in mimicked hyperglycemic microenvi-
ronment using high-glucose media DMEM. ALP (alkaline phosphatase)
serves as a key marker of early osteogenesis [44-46]. We first evaluated
the functional status of the cells by ALP staining. Representative staining
images revealed no significant ALP-positive staining at any time point in
the high-glucose (HG) group compared to the control group. In the Zn
alloy groups, light blue ALP staining was visible on day 7, and the ALP
color deepened after 14 days (Fig. 5A). These observed differences were
supported by further quantitative analysis. The ALP activity of the
Zn-Mg and Zn-Mg-Cu groups was higher than that of the HG group on
day 7, with no significant difference between them. After 14 days, the
ALP activity of the Zn-Mg—Cu group surpassed that of the Zn-Mg alloy
group, and the difference was statistically significant (Fig. 5B).

Additionally, calcium nodule formation, a later hallmark of osteo-
genic differentiation, was assessed using Alizarin Red-S (ARS) staining
to determine if the Zn alloys can accelerate bone formation in the long
term. As expected, the most intense and extensive area of calcium
nodules was found in the Zn-Mg-Cu group (Fig. 5A). To further evaluate
the osteogenic effect of the Zn alloys at the molecular biological level, a
qRT-PCR assay of osteogenesis-related genes was performed. The alloy
scaffolds’ promotional effect on early osteogenic gene expression was
more pronounced on day 7, with the highest upregulation observed in
the Zn-Mg group. The Zn-Mg-Cu group demonstrated a strong and
sustained bone-promoting effect, as evidenced by the detection of the
late osteogenic gene COL1 after 14 days (Fig. 5C). These findings
confirm that the osteogenic differentiation capacity is significantly
enhanced when Zn, Mg, and Cu work synergistically compared to when
used separately. Moreover, osteocalcin, the most abundant osteoblast-
specific protein, associated with glucose metabolism of bone forma-
tion [47], was demonstrated to increase in MC3T3 cells cultured with
the Zn-Mg-Cu extracts by immunofluorescence staining (Fig. 5D,
Fig. S9). Furthermore, western blot analysis was performed to estimate
the osteogenic differentiation ability of MC3T3 cells on day 14 in
mimicked hyperglycemic microenvironment. Compared to Zn and
Zn-Mg, Zn-Mg-Cu exhibited higher production levels in terms of
osteogenesis-related proteins (RUNX2 and OCN). These results suggest
that the significant effects of Zn-Mg-Cu on promoting extracellular
matrix mineralization and calcium deposition might be achieved by
regulating the glucose metabolism of osteoblasts in a simulated hyper-
glycemic microenvironment.

2.7. Mechanistic analysis of osteogenic activity induced by the Zn-Mg—Cu
alloy implants

To further clarify the underlying mechanism of how the Zn-Mg-Cu
alloy activates osteogenesis activity, whole-transcriptome RNA
sequencing was performed on MC3T3 cells cultured with HG, Zn-Mg,
and Zn-Mg-Cu medium. The Zn-Mg and Zn-Mg-Cu groups were each
compared with the HG group to obtain the corresponding sets of
differentially expressed genes. Venn analysis of the two differential gene
sets revealed that 346 genes were specifically upregulated in the
Zn-Mg-Cu group (Fig. 6A). The 346 differentially expressed genes were
then analyzed with the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment to explore their intrinsic function, and the



W. Song et al.

A

21 days 14 days 7 days

(@)

7 days

14 days

Relative mRNA expression (%)

Relative mRNA expression (%)

F-actin/OCN

1504

100+

504
oL It i L1 1Y 1P
L e
O A 4O
W s
xSy
RY
Alp
150+
.
1004
50+
oLl =l
S E e
‘,,0 IR
x s
S

R

OM

Relative mRNA expression (%)

Relative mRNA expression (%)

Zn

Col1a
150+
L
._I, 2
1004 1
- |.,1|
ottt 1L
L O 48 4O
[ S A Y
QQG"\}\«“&
+0;\'
LS
Coll1a
=
150+ "

100

504

Relative mRNA expression (%)

Relative mRNA expression (%)

Bioactive Materials 36 (2024) 413-426

dokokk
*dokk
4 | ——
>, - *kkk
2 o B |
% ***x:_l
o *k
2 [ &
g * kK
Bolm [ d
¢ |an0n
0 I=.I T
7D 14D
Ocn Runx2
2
150~ Z 150-
k]
W
T @ o
100- 5 1004 o
4 ?iﬁ # é e
Py e % - -
50+ L [ & 504
ane E
(]
| £ ]
e 20 . .
o\&\ %00’39 :59 tsoo o ;\,“ .\‘9 .;500
F a5 F AN
9 & AS
S S
By ¥
Ocn Runx2
R
150+ = 200
] FEAE
. " & 1504
100 = A
>
& % 2 1001 .
so{ || .. g I -
- £ 504
1 :
ol % 0 ——
PO 2 FEL O
(<} 28 ,\g@ (] A8 3
Ll L
L *® N
by by

Fig. 5. In vitro osteogenic differentiation induced by the Zn alloy implants in mimicked hyperglycemic microenvironment. A Representative ALP and
Alizarin Red S staining photographs of MC3T3-E1 cells cultured with various Zn alloy medium at each checkpoint and B the corresponding quantitative measurement
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Fig. 6. Mechanistic analysis of osteogenic activity induced by the Zn-Mg—Cu alloy in mimicked hyperglycemic microenvironment. A Venn diagram of
differentially expressed genes specific to the Zn-Mg-Cu group that are distinct from the Zn-Mg group versus the control group. B KEGG pathway enrichment analyses
of 346 different genes from Venn analysis. C Interaction networks of related genes among focal adhesion, regulation of actin cytoskeleton, PI3K/AKT pathway, and
AGE-RAGE signaling pathway. D Heatmap analysis of differentially expressed genes MC3T3 in high glucose group and Zn-Mg-Cu. E Representative immunofluo-
rescence images showing RAC1 and OSX expression in MC3T3 cells following incubation in high glucose group or Zn-Mg-Cu. 2-NBDG uptake in MC3T3 cells
cultured with Zn-Mg-Cu extracts in mimicked hyperglycemic microenvironment was estimated by immunofluorescence (F) and quantitative analysis of flow
cytometry assays (G). H The glucose transport involved gene Glutl expression via QqRT-PCR analysis on 3 d. The data are shown as the mean + SD; *P < 0.05, **P <

0.01, and ***P < 0.001 indicate significant differences between the indicated columns.

top 20 enriched terms are shown in Fig. 6B. We noted that the pathways
most related to diabetes and osteogenesis functions (focal adhesion,
regulation of actin cytoskeleton, PI3K/AKT signaling pathway, and
AGE-RAGE signaling pathway in diabetic complications) were among
the top terms (Fig. 6B). The interaction between related genes among
the four signaling pathways of interest was visualized by mapping the
network for further analysis (Fig. 6C), and the top 9 genes with the most
distinct expression differences were listed in a heatmap (Fig. 6D).

Notably, RAC1, which is associated with the four aforementioned
pathways, has been reported to play a key regulatory role in glucose
metabolism and insulin function. Its activity has been found to increase
in individuals with diabetes [48,49]. Based on this, we speculate that
RAC1 may play a coordinating role in promoting osteogenesis by alloy
scaffolds. Treatment with Zn-Mg—-Cu extracts reduced the expression of
RAC1 induced by high glucose, which was validated by western blotting
and gRT-PCR results (Figs. S2A-C). Immunofluorescence staining
showed low RAC1 expression in cells with positive OSX in the
Zn-Mg-Cu group, suggesting a potential association between these two
molecules. We further measured the level of glucose metabolism via
immunofluorescence and flow cytometry analysis. As shown in
Fig. 6F-G, MC3T3 cells in the Zn-Mg-Cu group had significantly higher
2-NBDG uptake capacity, while a visible inhibition effect was observed
in the HG group. In line with the 2-NBDG uptake results, the expression
of the major glucose transporter GLUT1 in osteoblasts was upregulated
by Zn-Mg-Cu, as indicated by qRT-PCR analysis (Fig. 6H). Together,
these results suggest that incubation with Zn-Mg-Cu extract might
promote the glucose uptake capacity of osteoblasts by regulating the
expression of RAC1, thereby supplying energy for the differentiation of
osteoblasts and promoting bone regeneration under a high glucose
environment.

2.8. Invivo evaluation of bone regeneration induced by Zn alloy scaffolds
in diabetic rabbit mandibular defects

Encouraged by the in vitro cell experiments, implantation was per-
formed to test the biosafety and pro-osteogenic effect of different Zn
alloy scaffolds under DM conditions. To do this, we established a
mandibular defect model on diabetic rabbits. These diabetic rabbits
were humanely sacrificed at 4 and 12 weeks postoperatively, and the
mandibles were harvested for further analysis (Figs. S3A-D). Micro-CT
scanning was performed to observe the new bone formation outcomes
of mandible bone defects. The 3D reconstruction and coronal images of
the mandible defect showed the penetration and growth of new bone
into the porous structure of Zn alloy scaffolds, while marked bone de-
pressions were observed in the diabetic group without implantation
(Fig. 7A). The quantitative analysis of the micro-CT reconstruction im-
ages of newborn trabecular bone depicted the bone mineral density
(BMD), bone volume/tissue volume (BV/TV), trabecular bone thickness
(Tb. Th), trabecular number (Tb-N) and trabecular separation (Tb. Sp)
(Fig. 7B; Fig. S4-9). The new bone surrounding the Zn-Mg and
Zn-Mg-Cu scaffolds was significantly more extensive than the Zn
implant at 4 weeks after implantation, according to the quantitative
micro-CT analysis and reconstructed images. With time extended to 12
weeks, the largest newborn bone volume (about 45 mm®) and the
highest bone-implant contact rate were detected in the Zn-Mg-Cu
group, suggesting that the Zn-Mg—Cu scaffolds had the strongest in vivo
osteogenicity in diabetic rabbits. Besides, implants are suggested to
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provide mechanical support for at least 12-24 weeks depending on the
clinical conditions, although the bone healing time varies for different
defect sites [50]. In vivo degradation behavior of Zn-Mg-Cu implants
was evaluated utilizing Micro-CT. At 12 weeks, the volume of Zn-Mg-Cu
implant dropped to 82.13 + 4.5 % (n = 3) and its degradation rate was
3.57 + 0.9 mm3 month—1 (n = 3). No evident fractures occurred in the
Zn alloy scaffolds at 4 and 12 weeks after implantation. Hence, Zn alloy
scaffolds are capable of maintaining mechanical integrity and prevent-
ing early mechanical failure during bone healing.

To further locate the site of new bone formation, calcein fluoro-
chrome labeling was performed. Histological and fluorescence micro-
scopy photographs showed that mineralization could be deposited and
grew alongside the curved surface of implants continuously, and more
well-structured new bone around the Zn-Mg-Cu scaffold could be
observed after 12 weeks of implantation, in contrast to the diffuse
mineralization and inflammatory tissue in the control group (Fig. 7C-D).
Consistent with calcein staining results, collagen fibers dyed bright red
were formed at the material-tissue interfaces and grew into the gradient
pores of Zn-Mg-Cu at 4 weeks and 12 weeks as revealed by Van Gieson
staining (Fig. 7E).

Additionally, Zn-Mg and Zn-Mg-Cu implants both demonstrated
good biocompatibility with no signs of osteolysis, deformity or dislo-
cation. Three-dimensional images revealed distinct new bone formation
and direct contact between the new bone and implants in both the
Zn-Mg and Zn-Mg-Cu groups at 12 weeks, which were further
confirmed by representative cross-sections of the implants. Compared
with Zn-Mg group, no significant inflammatory cell aggregation or tis-
sue lesions was observed around the Zn-Mg-Cu scaffold. Moreover, the
red-dyed collagen fibers in Zn-Mg-Cu group exhibited enhanced growth
into the metal scaffold along the surface with TPMS structure compared
to those in other groups, which indicated that Zn-Mg-Cu alloys
exhibited a significantly higher new bone area compared to both Zn-Mg
and the control group without implants (Fig. S11). These results
demonstrated that the topological structure with gradient pores ensured
the biocompatibility and osteoconductivity of the Zn-Mg-Cu scaffolds in
treating diabetic maxillofacial bone defects. Meanwhile, the incorpora-
tion of copper ions into the Zn-Mg—Cu scaffold did not result in any
potential toxicity to surrounding tissue, thereby mitigating concerns
regarding tissue disease or necrosis. Overall, the Zn-Mg-Cu scaffold has
the potential to provide a more active healing process and quicker bone
regeneration under the hyperglycemic microenvironment through the
incorporation of Mg and Cu elements and gradient structure
construction.

3. Discussion

The skeleton, as an organ of the body, heavily depends on glucose
metabolism, as the differentiation and function of osteoblasts require
energy consumption during bone remodeling processes. Glucose is
transported into osteoblasts via GLUT1, promoting osteoblast differen-
tiation. This interplay between osteogenesis-related genes and glucose
uptake acts as an amplification mechanism, ensuring well-coordinated,
timely osteoblast differentiation and proper bone formation throughout
life [51]. Osteokines, such as osteocalcin (OC) and bone morphogenetic
protein (BMP), which are actively involved in glucose metabolism, have
been shown to decrease in simulated hyperglycemic environments or
diabetic conditions [52]. The sensitivity of bone tissue to blood glucose
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Fig. 7. In vivo evaluation of bone regeneration induced by Zn alloy scaffolds in diabetic rabbit mandibular defects. A Micro-CT 3D reconstruction image of
the mandible and newly-formed bone with or without implants at week 4 and week 12. Implants are shown in white and new bone is shown in yellow. B Quantitative
analysis of BMD analysis of the neo-bone within defects at 4 and 12 weeks after treatment, n = 3. The data are shown as the mean + SD; *P < 0.05, **P < 0.01; ***P
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triangles point to the newborn bone in direct contact with the implants).
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was demonstrated in this study (Fig. 4C). Interestingly, the impaired
osteoblast function caused by high glucose levels can be improved by Zn
alloys, particularly Zn-Mg-Cu, as shown in this research. Furthermore,
osteocalcin, the most abundant osteoblast-specific protein involved in
glucose metabolism during bone formation, was increased in the pres-
ence of Zn-Mg-Cu. Consequently, this study suggests that the effect of
Zn-Mg—Cu on osteogenesis may be associated with the glucose meta-
bolism of osteoblasts [47].

Previous studies have reported associations between serum or bone
concentrations of Zn, Mg, and Cu and metabolic disorders, especially
those related to glucose metabolism. Supplementing with bioactive
metal elements at suitable levels could help maintain metabolic ho-
meostasis [20-22]. Moreover, lithium has been shown to have a thera-
peutic effect on glucose metabolic dysfunction by enhancing
insulin-mediated glucose transport in vitro and restoring insulin sensi-
tivity in animal models of insulin resistance [53]. Thus, it is reasonable
to suggest that the slow release of metal ions from degradable metal
scaffolds could enhance local osteoblast differentiation by promoting
glucose uptake and subsequent cellular activities under high-glucose
conditions.

RAC1 gene represents a novel genetic marker of type 2 diabetes and
has been found to impact both glucose metabolism and disease patho-
genesis. High glucose exposure led to the excessive activation of RAC1
and induced cell apoptosis [54]. Additionally, RAC1 has been reported
to regulate osteoblast differentiation and bone formation by affecting
the glucose uptake in osteoblasts [55]. In this study, we found that
Zn-Mg-Cu could inhibit the expression of RAC1 induced by high glucose
(Fig. 6E and Fig. S2A). Moreover, the glucose uptake ability of osteo-
blasts, the expression levels of glucose transporter Glutl, and vascular
endothelial growth factor Vegfa were increased in the presence of
Zn-Mg-Cu (Fig. 6F-G and Figs. S2D-E), which could partially explain
the promoted osteoblast differentiation induced by Zn-Mg-Cu under
high glucose environment. However, it is interesting to note that glucose
uptake capacity and Glutl expression of endothelial cells were also been
strengthened with the simulation of Zn-Mg-Cu (Figs. S2F-I), while
qRT-PCR analysis revealed a reduction in RAC1 expression in HUVECs
with Zn-Mg-Cu treatment (Fig. S2I). These findings suggest that
Zn-Mg-Cu may operate through similar mechanisms to promote
angiogenesis in endothelial cells.

The TPMS structure was used in the scaffold designation to mimic the
unique hyperboloid topography of the trabecular bone, to induce a
natural and tight integration with surrounding bone tissue. The hyper-
boloidal structure of TPMS structure was found to support the attach-
ment and proliferation of human mesenchymal stem cells, and even
guide the cell fate toward osteogenesis through cytoskeleton reorgani-
zation and nuclear deformation [23]. Zhang et al. also found that the
scaffolds with graded porosity could facilitate the transport behavior of
nutrients and metabolites, accompanying with a high-density distribu-
tion of cells and accelerated bone defect healing [56]. The gradient
structure is more suitable for the mechanical environment of bone de-
fects and provides a larger pore size range as compared to uniform
structure, which benefits the material-bone interaction and the growth
of new bone tissue. The drastic penetration and growth of new bone into
the porous structure of Zn alloy implants shown in the present study
(Fig. 7) also supported that the TPMS structure has the potential to
augment bone formation. Moreover, compared with orthogonal lattice
structure scaffolds, the highly relative surface areas and permeable
cellular structures with sequential surfaces of TPMS facilitated the
adequate contact between metal ions and cells [31,57], which further
regulated cellular glucose metabolism in diabetic pathological envi-
ronments. The material-structure-driven strategy of Zn-Mg-Cu gradient
scaffolds achieved by additive manufacturing demonstrated favorable
mechanical and biological performances, as evidenced by the enhanced
bone regeneration in mandibular defects of diabetic rabbits. In sum-
mary, this study offers a potential approach for diabetic bone regener-
ation by mitigating cellular dysfunction caused by underlying metabolic
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disorders, primarily using material-structure-driven bone scaffolds.
4. Conclusions

In summary, we developed a material-structure-driven strategy for
diabetic maxillofacial bone regeneration by additive manufacturing of
degradable Zn-Mg-Cu gradient scaffolds. The scaffolds presented
favorable mechanical strength and uniform degradation mode by in situ
alloying of Mg and Cu with boundary engineering strategy. The simul-
taneous release of dual metal ions facilitated bacterial elimination and
the proliferation of osteoblasts and endothelial cells in mimicked hy-
perglycemic microenvironment, thereby exhibiting favorable osteogenic
and angiogenic abilities in vitro. Moreover, the biomimetic topography
and suitable permeability of the gradient structure enhanced the
osteoconductivity during the bone healing process, which improved new
bone ingrowth and formation in the mandibular defect models of dia-
betic rabbits. Mechanism investigation suggests that RAC1-mediated
glucose metabolism regulation may be the underlying molecular
signal. Overall, our work directs the clinical use potential of the gradient
Zn-Mg-Cu scaffolds for treating diabetic maxillofacial bone defects.
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