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ARTICLE INFO ABSTRACT

Keywords: Magnesium (Mg)-based scaffolds are garnering increasing attention as bone repair materials owing to their

Magnesium biodegradability and mechanical resemblance to natural bone. Their effectiveness can be augmented by incor-

;)s;ezgenegs porating surface coatings to meet clinical needs. However, the limited bonding strength and unclear mechanisms
olydopamine

of these coatings have impeded the clinical utility of scaffolds. To address these issues, this study introduces a
composite coating of high-bonding-strength polydopamine-microarc oxidation (PDA-MHA) on Mg-based scaf-
folds. The results showed that the PDA-MHA coating achieved a bonding strength of 40.56 + 1.426 MPa with the
Mg scaffold surface, effectively enhancing hydrophilicity and controlling degradation rates. Furthermore, the
scaffold facilitated bone regeneration by influencing osteogenic markers such as RUNX-2, OPN, OCN, and VEGF.
Transcriptomic analyses further demonstrated that the PDA-MHA/Mg scaffold upregulated carboxypeptidase Z
expression and activated the Wnt-4/p-catenin signaling pathway, thereby promoting bone regeneration. Overall,
this study demonstrated that PDA can synergistically enhance bone repair with Mg scaffold, broadening the
application scenarios of Mg and PDA in the field of biomaterials. Moreover, this study provides a theoretical
underpinning for the application and clinical translation of Mg-based scaffolds in bone tissue engineering
endeavors.

High-bonding-strength coating
Carboxypeptidase Z

1. Introduction for biodegradable materials [6]. Furthermore, their mechanical prop-

erties differ from natural bone, causing a stress shielding effect that may

In recent years, the incidence of bone defects attributed to physical
activities, trauma, and aging has markedly increased [1]. These defects
often necessitate the use of bone substitute materials for healing [2]. In
clinical practice, titanium alloys are the most frequently used materials
for bone substitutes [3]. These alloys exhibit excellent stability, with few
complications occurring after implantation in bone defect. This reli-
ability has made titanium alloys a popular choice for bone repair [4].
However, with the increasing number of applications, some drawbacks
have surfaced. Titanium alloys are non-degradable, meaning they either
stay in the body permanently or need to be removed through second
surgery, which can be risky for patients [5]. This leads to a preference

lead to bone loss [6]. More importantly, biologically inert titanium al-
loys lack biological function, preventing them from actively aiding in
new bone formation and reconstruction [7]. This limitation reduces
their effectiveness in promoting bone repair. Ideally, such bone substi-
tute materials should emulate the mechanical properties of human bone
while exhibiting biodegradability, biocompatibility, osteogenesis, and
angiogenic capabilities [8].

Magnesium (Mg) has garnered considerable attention owing to its
compatibility with the mechanical properties of human bone [9]. In
contrast to non-degradable titanium alloys, Mg is a degradable metal,
allowing it to avoid a second surgery for removal [5]. Furthermore,
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Fig. 1. Schematic illustration of the preparation and property research of PDA-MHA/Mg scaffold.

compared to non-biological titanium alloys, the release of magnesium
ions (Mg?") during its degradation can promote osteogenesis [10] and
angiogenesis [11]. Hence, compared to titanium alloy, Mg better aligns
with the ideal characteristics of bone substitute materials. However, the
rapid degradation rate of Mg can impede tissue regeneration, evidenced
by the swift release of hydrogen gas and a rapid increase in pH levels
[12]. This degradation also leads to a notable decline in mechanical
strength, underscoring the critical need to regulate the degradation rate
of Mg scaffolds [13].

Methods for regulating the degradation rate of Mg scaffolds pri-
marily encompass purification, alloying, and surface modification [14].
Among these, surface modification—particularly through coatings—has
emerged as the simplest and most effective technique. Various coating
preparation methods, such as chemical deposition, electro-deposition,
hydrothermal deposition, spraying, electrospinning, and sol-gel tech-
niques have been employed to modulate the degradation rate of Mg
scaffolds [15-17]. Despite these advancements, a major challenge per-
sists: the coatings often exhibit insufficient bonding strength to the
scaffolds [18,19]. Consequently, long-term detachment occurs, under-
mining the protective effect of the coatings on the scaffold. Therefore,
the development of coatings exhibiting high bonding strength is essen-
tial for effectively regulating the long-term degradation rate of Mg
scaffolds [20].

In recent developments, micro-arc oxidation coatings (MAO), known
for their superior bonding strength, have emerged as a viable approach
for regulating the degradation rate of Mg scaffolds [10,21]. However,
their porous structure can undermine their protective efficacy [22]. Our
previous research demonstrated that incorporating
nano-hydroxyapatite (nHA) into the MAO to form an MHA coating can
reduce its porosity, thereby enhancing its protective efficacy [23]. To
further address this issue, applying a composite coating atop the MAO is

often necessary to seal the pores and enhance protection [24]. Addi-
tionally, hydroxyapatite, a key inorganic part of bone [6], can stimulate
osteoblasts to differentiate and become active, thus hastening the
development of new bone tissue in living organisms [25]. As hydroxy-
apatite has the ability to capture proteins and factors that promote bone
growth [6]. Unfortunately, composite coatings frequently exhibit
insufficient interfacial bonding strength, leading to detachment and,
ultimately, coating failure [26]. Additionally, the preparation proced-
ures for most composite coatings are complex and pose challenges for
scalability [27]. The development of a composite coating for Mg scaf-
folds that is both simple to prepare and exhibits robust bonding strength
remains a significant challenge.

In biomedical applications, nature-derived principles are increas-
ingly applied to surface engineering, leading to the development of
innovative biomaterials with outstanding biocompatibility, function-
ality, and performance. Inspired by mussel proteins, polydopamine
(PDA) is used to create functional materials and process interfaces [28,
29]. In the preparation of the PDA coating, the catechol groups in DA
undergo oxidation reactions, producing radicals. These radicals bond
covalently or coordinately with the material surface, securing firm
adhesion and culminating in the formation of a PDA coating [30]. The
PDA coating adheres strongly to substrates, offering effective protection
[20]. Moreover, the radical scavenging, antioxidant properties, photo-
responsiveness, tissue adhesiveness, physiological stability, biodegrad-
ability, excellent biocompatibility, and cellular affinity render PDA
uniquely interesting in the field of biomedical sciences.

In this study, we developed a composite coating, denoted as PDA-
MHA/Mg, exhibiting high bonding strength when applied to Mg scaf-
folds. This coating consists of MAO, nHA, and PDA, with the MAO and
PDA layer providing robust bonding strength [26]. Our previous study
demonstrated that the nHA component fills the pores within the MAO
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Fig. 2. Characterization and Degradation of PDA-MHA/Mg. (A) Bonding strength of MHA coating. (B) Bonding strength of PDA-MHA coating. (C) Stripping force of
PDA-MHA coating. (D) Friction coefficient of PDA-MHA coating. (E) SEM of MHA/Mg. (F) SEM of PDA-MHA/Mg. (G) EDS of MHA/Mg. (H) EDS of PDA-MHA/Mg. (I)
Water contact angle. (J) pH value. (K) Mg2+ concentration. (L) Corrosion rate. * Indicates statistical significance (p < 0.05).

layer, thus furnishing materials essential for bone regeneration [23].
The PDA layer further serves to seal the MAO pores, enhancing endo-
thelial cell adhesion, proliferation, and migration [26]. In this study,
both in vitro and in vivo evaluations demonstrated the ability of the
PDA-MHA/Mg scaffold’s coating to maintain robust bonding strength
while effectively modulating the degradation rate of Mg. Additionally,
the scaffold exhibits outstanding biocompatibility and promotes angio-
genesis and osteogenesis. Moreover, this study elucidated the mecha-
nisms underlying bone repair facilitated by the PDA-MHA/Mg scaffold
employing transcriptomics (Fig. 1). The inter-regulatory relationships
among proteins implicated in bone repair were validated through RNA
interference (RNAi), quantitative PCR (qPCR), immunofluorescence
(IF), and western blot (WB) techniques. Our investigations revealed that
the PDA-MHA/Mg scaffold activates carboxypeptidase Z (CPZ) and
initiates the Wnt-4/f-catenin signaling pathway, a crucial pathway in
bone regeneration. These findings hold significant implications for
advancing our understanding of the mechanisms underlying bone repair
facilitated by Mg scaffolds.

2. Results and discussion
2.1. Preparation and characteristics of PDA-MHA/mg

An MHA coating was produced using a micro-arc oxidation device on
a pure Mg surface. The voltage applied during the production process
impacted the bonding strength of the coating [31]. However, the
bonding strength of the coating to the substrate is a crucial mechanical
property that determines its service life [32]. At 360 V, 420 V, and 480
V, the bonding strength of MHA coatings was 16.89 + 0.02 MPa, 44.67
+ 3.22 MPa, and 17 + 1.73 MPa, respectively (Fig. 2A). The bonding
strength of the PDA-MHA composite coating was 9.9 + 1.457 MPa,
40.56 + 1.426 MPa, and 11.38 + 0.8083 MPa (Fig. 2B). Firstly, different
voltages significantly affect the internal stability of MHA and PDA-MHA

coatings, leading to ruptures within the coating and between the coating
and substrate. Secondly, at 420V, the bonding strength of MHA and
PDA-MHA coatings to the Mg surface was over 40 MPa, significantly
higher than the commercial standard of 20 MPa [33]. In addition,
comparing to that of the MHA coating, the bonding strength of
PDA-MHA composite coating is comparable, due to PDA can create high
bonding strength with most surfaces via the catechol group [34].
Significantly, at 420V, the bonding strength of both MHA and PDA-MHA
coatings exceeded the ISO 13779 standard of 15 MPa by more than
threefold [2]. Among the different voltages, the PDA-MHA coating made
at 420V exhibits the best internal stability. Besides the bonding strength
between the coating and the substrate, scratches on implant surfaces
seem unavoidable during surgical procedures. These scratches allow
aggressive solutions to infiltrate, causing severe local corrosion and
potentially early coating failures [35]. So, the surface stability of the
PDA-MHA coating was further evaluated using by scratch and friction
test. At 360 V, 420 V, and 480 V, the initial results indicated that the
stripping force of the PDA-MHA coating was 42.67 + 2.66 N, 43.17 +
2.86 N, and 44.67 + 2.34 N, respectively, in the scratch test (Fig. 2C).
Furthermore, at 360 V, 420 V, and 480 V, the coefficients of friction
were 0.292 + 0.005, 0.313 + 0.006, and 0.3267 + 0.005, respectively
(Fig. 2D). The scratch and friction test results indicated that the surface
stability of the PDA-MHA coating was similar under different voltages
(360V, 420V, and 480V) in this study. Thus, different voltages primarily
affect the internal stability of the PDA-MHA coating, with minimal
impact on surface stability. Considering both internal and surface sta-
bility, a voltage of 420V was ultimately chosen to fabricate the
PDA-MHA coating.

To confirm the successful application of the PDA-MHA composite
coating, we performed both SEM and EDS analyses (Fig. 2E-H).
Macroscopically, the PDA-MHA composite coating on the Mg scaffold
surface appearedis black, in stark contrast to the white appearance of the
MHA coating. This color disparity, attributed to the PDA, suggests
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Fig. 3. MC3T3-E1 Compatibility and Differentiation of PDA-MHA/Mg. (A) The viability was tested with CCK-8. (B) The dead cells were tested with Live-Dead Cell
Staining Kit. (C) The cell adhesion was tested with SEM. (D) ALP staining. (E) The mineralization was tested by Alizarin red staining. (F) Osteogenesis-related gene
expression (RUNX-2, OCN, and OPN) was tested with qPCR on day 3, day 7, and day 14. (G) Immunofluorescent staining with anti-RUNX-2, OPN, and OCN as the
primary antibody on day 14. * Indicates statistical significance (p < 0.05) compared with the control.

successful adhesion of the PDA on the MHA coating surface. SEM images
further corroborated this observation, revealing the successful adhesion
of PDA with a discernible reduction in surface particles compared to the
MHA coating. Because the particles of MHA are covered by PDA.
Additionally, the presence of nitrogen elements detected through EDS
analysis of the PDA-MHA coating, which were absent in the MHA
coating, confirmed the incorporation of the PDA. These nitrogen ele-
ments originated from the PDA, thus validating the successful adhesion

of PDA. These observations and analytical results indicated that the
PDA-MHA/Mg composite was successfully synthesized.

2.2. Hydrophilicity and degradation of PDA-MHA/mg

Enhanced hydrophilicity of biodegradable materials often leads to
accelerated degradation rates [36]. Improving surface hydrophilicity
without altering the initial rate of degradation presents a challenge. In
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this study, water contact angle measurements revealed that Mg exhibi-
ted the largest contact angle, followed by the MHA/Mg composite, while
the PDA-MHA/Mg exhibited the smallest contact angle (Fig. 2I). These
results indicate that PDA-MHA/Mg possesses optimal hydrophilicity,
likely attributable to the PDA of the PDA-MHA coating’s surface [37].
Due to its many amino groups, polydopamine can create hydrogen
bonds with water molecules, giving it strong hydrophilicity. Regarding
degradation performance, the pH values, Mg?" concentration, and
degradation rates of the MHA/Mg and PDA-MHA/Mg were similar but
significantly lower than those of Mg (Fig. 2J-L). This discrepancy arises
from Mg’s rapid degradation reaction upon direct contact with corrosive
ions (such as chloride ions) in PBS solution, whereas a coating can act as
an isolating barrier. The hydrophilicity and degradation results indicate
that the PDA coating enhanced the hydrophilicity of the MHA/Mg
scaffold without accelerating its degradation rate. However, previous
studies have shown that increased hydrophilicity leads to accelerated
degradation rates [36,38]. This phenomenon is attributed to the sealing
of the porous surface of the MHA coating by PDA, which mitigates the
increase in degradation rate resulting from improved hydrophilicity.
Additionally, in the alkaline environment ensuing from the degradation
of PDA-MHA/Mg, PDA can re-adhere to the surface of the scaffold, thus
continuing to protect the Mg [39].

2.3. Compatibility of PDA-MHA/mg with human umbilical vein
endothelial cells (HUVECs)

While osteocytes primarily control bone formation [40], the vascular
endothelial cells also significantly contribute positively to this process
[41]. Observations from Supplementary Information Fig. S1A reveal
that Mg, MHA/Mg, and PDA-MHA/Mg scaffolds positively affected the
viability of HUVECs. Notably, the PDA-MHA/Mg scaffold exhibited the
highest level of cell viability. This discrepancy can be attributed to the
role of Mg?* in stimulating HUVEC proliferation [42] and the improved
biocompatibility of the scaffold owing to PDA [43]. Further assessments,
tests including Ttranswell assays and scratch tests (Supplementary In-
formation Figs. S1B and S1C), revealed more pronounced HUVEC
migration in the PDA-MHA/Mg group. Moreover, Matrigel tube forma-
tion assays (Supplementary Information Fig. S1D) demonstrated that all
types of scaffolds facilitated HUVEC tube formation. Notably, the
PDA-MHA/Mg scaffold promoted the most robust formation of HUVEC
tubes. Mg?" released through the degradation of Mg scaffolds promotes
HUVEC growth, migration [44] and tube formation [45], while PDA
coatings further enhance the function [46]. PDA in PDA-MHA/Mg helps
neutralize free radicals activity, which in turn reduces oxidative stress
from excessive free radicals, preventing cell damage [47]. Angiogenesis,
as we all understand, depends on the proliferation, migration, and tube
formation of vascular endothelial cells [48]. In the process of bone
regeneration, angiogenesis is essential because vascularization can also
facilitate bone formation [49]. This means that PDA MHA/Mg can
stimulate angiogenesis, which in turn accelerates bone formation.

2.4. Compatibility of PDA-MHA/mg with MC3T3-E1 cells

Good biocompatibility is essential for using biomaterials in tissue
repair [50]. Therefore, assessing biocompatibility is a crucial criterion in
developing any biomaterial for tissue repair purposes [51]. In this study,
ensuring the compatibility of biomaterials with osteoblasts is essential
for bone repair [41]. This study comprehensively evaluated this
compatibility by conducting tests on MC3T3-E1 viability, mortality, and
adhesion. Following 24 h of incubation, cell viability was higher in the
MHA/Mg and PDA-MHA/Mg groups compared to the control and Mg
groups, as shown in Fig. 3A. Moreover, the Mg group exhibited higher
cell mortality relative to the other groups (Fig. 3B). This outcome
stemmed from the effective regulation of Mg>" release from the Mg
scaffold by the MHA and PDA-MHA coatings [52]. Notably, the
PDA-MHA/Mg group exhibited the highest increase in cell viability. This
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is due to the antioxidant properties of the phenolic hydroxyl group in
PDA, which can neutralize free radicals, minimize cell damage, and
encourage cell growth [51]. The cell adhesion assay revealed that
MC3T3-E1 cells exhibited greater adhesion to the surfaces of MHA/Mg
and PDA-MHA/Mg compared to the Mg group (Fig. 3C). The rapid
degradation of the Mg group resulted in substantial hydrogen gas
release, hindering cell adhesion. This occurs because the rapid evolution
of hydrogen gas can create microbubbles around the implant, which
may physically disrupt the adhesion of cells to the material surface,
thereby hindering the initial cellular responses necessary for successful
implant integration [53]. Additionally, a greater number of cells
adhered to PDA-MHA/Mg compared to MHA/Mg (Fig. 3C), likely
attributable to the presence of thin domains of cell adhesion proteins on
the biomaterial surface, facilitated by PDA [54]. Overall, the results of
viability, mortality, and adhesion tests collectively indicate that
PDA-MHA/Mg exhibits the highest compatibility with MC3T3-E1 cells.

2.5. MC3T3-E1 differentiation of PDA-MHA/mg

We investigated the early-stage osteogenic differentiation of MC3T3-
El cells by quantifying alkaline phosphatase (ALP) expression. As
depicted in Fig. 3D, the PDA-MHA/Mg and MHA/Mg group exhibited a
significant increase in ALP activity (visible as blue deposits) after 7 days
of culture, compared to the Mg and control groups. This is because Mg>*
released from the degradation of Mg scaffolds can enhance the ALP
activity of osteoblasts [55]. Notably, the Mg group displayed minimal
ALP activity, indicating that elevated levels of Mg?" negatively impact
the initial stages of osteogenic differentiation [45]. ALP can hydrolyze
various types of phosphates and promote cell maturation and calcifi-
cation. Therefore, we also examined the in vitro calcification of osteo-
blasts [56]. The late-stage osteogenic differentiation of MC3T3-E1 cells
was evaluated by measuring ECM mineralization through Alizarin Red S
staining following 14 days of culture. The level of ECM mineralization,
characterized by red deposits, was elevated in the Mg, MHA/Mg, and
PDA-MHA/Mg groups compared to the control, as shown in Fig. 3E. This
phenomenon is attributed to the facilitative role of Mg>* in bone
mineralization [41]. Additionally, compared to other groups, the
PDA-MHA/Mg group showed the highest expression of ALP and bone
mineralization. These findings suggest that PDA further augments the
promotive effect of Mg2+ on MC3T3-E1 cell differentiation [57]. This is
because PDA functions akin to the ECM, facilitating increased in-
teractions between cells and biologically functional materials [58],
which can affect the function and mineralization of osteoblasts [59].

To further elucidate the mechanisms of differentiation, we investi-
gated the expression of osteogenic differentiation genes and proteins in
MC3T3-E1 cells. Genetic analysis revealed a significant increase in the
expression of RUNX-2 and OPN in the PDA-MHA/Mg group on day 7
compared to other groups. Additionally, OCN expression was signifi-
cantly higher in the PDA-MHA/Mg group on day 14, as depicted in
Fig. 3F. Furthermore, protein analysis revealed that the PDA-MHA/Mg
group displayed the most pronounced expression of osteogenic pro-
teins (RUNX-2, OPN, and OCN), as shown in Fig. 3G. RUNX-2, acting as a
transcription factor, plays a pivotal role in osteogenic repair by
enhancing the expression of specific osteoblast factors such as OCN and
OPN [60]. OPN enhances cellular functions associated with osteogenic
differentiation through its interaction with integrin receptors on cell
surfaces [61]. While, OCN plays a part in regulating calcium ion depo-
sition and bone mineralization [62]. The results suggest that
PDA-MHA/Mg activates RUNX-2, along with the osteogenic markers
OPN and OCN, thereby effectively enhancing MC3T3-E1 cell differen-
tiation. This phenomenon is attributed to the influence of Mg?* released
from Mg on cellular processes, such as attachment, differentiation, and
mineralization, ultimately facilitating osteoblast differentiation [26].
Additionally, PDA regulates cell-cell interactions via integrins, thereby
enhancing the stability of cell adhesion and the integration of proteins
within the ECM, consequently promoting cell differentiation [63].
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Fig. 4. The Degradation and Osteogenesis of PDA-MHA/Mg in vivo. The femoral defect was made and treated by Mg, MHA/Mg and PDA-MHA/Mg, with Ti as the
reference. (A) Schematic diagram of animal experiments. (B) Cross view. (C) X-ray and direct observation of scaffold. (D) H&E staining. (E) Masson’s trichrome

staining. (F) IHC staining.

Furthermore, the functional groups in PDA, promoting protein adsorp-
tion [64]. This protein adsorption is vital for initiating and supporting
the processes of bone regeneration and integration with host tissue [65].

2.6. In vivo degradation of PDA-MHA/mg

As an orthopaedic implant, the rapid degradation of Mg presents a
drawback, potentially leading to a rapid decrease in mechanical strength
[66]. We investigated the in vivo degradation of scaffolds via animal
experiments. Fig. 4A delineates the detailed procedure and placement of
scaffold implantation within the distal femur of rats. Compared to tita-
nium (Ti), the Mg, MHA/Mg, and PDA-MHA/Mg groups exhibited par-
tial degradation of the scaffold along with bone regeneration at the
implantation site (Fig. 4B). Similarly, X-ray imaging revealed that the Ti
scaffold did not undergo degradation, while the Mg, MHA/Mg, and
PDA-MHA/Mg scaffolds exhibited partial degradation (Fig. 4C). Subse-
quently, the scaffolds were retrieved from the organism, affirming the
observations made through X-ray imaging. Additionally, unlike the
heterogeneous degradation of Mg and MHA/Mg, the PDA-MHA/Mg
exhibited a more homogeneous degradation pattern. This may be due
to the alkaline microenvironment produced by Mg degradation, where
the phenolic hydroxyl groups in PDA form coordinate bonds with
magnesium ions, allowing PDA to reattach to the damaged coating
surface [30]. Such homogeneous degradation pattern is desirable to
meet the mechanical demands of biodegradable materials employed in
bone repair [67]. In essence, the degradation characteristics of the
PDA-MHA/Mg render it more apt for fulfilling the requirements of bone
repair materials compared to the other groups.

2.7. In vivo osteogenesis of PDA-MHA/mg

To investigate the osteogenic potential of PDA-MHA/Mg in vivo, we
analyzed new bone formation. Fig. 4D and E illustrate the new bone
formed around the scaffold. In the Ti group, no new bone formation was
observed around the implant. In the Mg group, a minor degree of bone
growth was observed, albeit accompanied by bone resorption in the
area. The MHA/Mg group exhibited limited new bone formation, with
no notable resorption observed. The PDA-MHA/Mg group demonstrated
significant new bone formation without any apparent resorption around
the scaffold. This suggests that the effects of Mg?" on osteoblasts is
concentration-dependent [68]. In addition to previous studies have
indicated that Mg?* can promote osteoblast function [69], our study
suggests that excessive levels of Mg?' may exert contrary effects. Due to
high Mg?* concentrations inhibiting the mineralization of osteoblasts,
bone formation is reduced [70].

In this study, we employed IHC to assess the degree of bone forma-
tion at the molecular level [71,72]. Fig. 4F illustrates distinct differences
in the expression levels of osteogenic markers (BMP-2, RUNX-2, OPN,
and OCN) across the groups. Areas exhibiting brown staining were
evident around the Mg, MHA /Mg, and PDA-MHA/Mg scaffolds, whereas
such staining was absent around the Ti scaffold. Notably, osteogenic
protein expression was higher in the PDA-MHA/Mg group compared to
the Mg group, indicating a more robust osteogenic response with
PDA-MHA/Mg. This disparity can be attributed to the crucial roles of
BMP-2, RUNX-2, OPN, and OCN in bone formation. The increased
expression of osteogenic protein in PDA-MHA/Mg could be due to the
release of Mg?", improving cell activity and then activating the MAPK
and Wnt pathways [9]. In addition, vascular reconstruction plays a
crucial role in bone formation in vivo [73]. Adequate vascular
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reconstruction at the implantation site can promote the proliferation
and differentiation of osteocytes, thereby favoring new bone formation
and remodeling [74]. Our investigation revealed a heightened expres-
sion of VEGF in the PDA-MHA/Mg group compared to the other groups
(Fig. 4F), suggesting that PDA-MHA/Mg is more effective in stimulating
endothelial cell activity for vascular reconstruction. These findings
provide reassurance regarding osteogenesis surrounding the
PDA-MHA/Mg scaffold.

2.8. Exploration of osteogenesis mechanisms

Investigating the mechanisms of biological materials aids in under-
standing their roles and identifying genes for targeted regulation in
precision treatment. Such therapy not only cuts down on economic and
time costs but also minimizes patient harm, making it vital to explore
mechanisms [40]. Transcriptome analysis is crucial for exploring the
mechanisms. Here, we conducted an mRNA transcriptome analysis on
femoral bone samples to investigate the mechanism of PDA-MHA/Mg in
osteogenesis, employing comparative analysis across different groups.
Our investigation revealed 197 differentially expressed genes (DEGs) in
the PDA-MHA/Mg group compared to the Ti group. Among these, 165
genes exhibited up-regulation, while 32 genes showed down-regulation
(p < 0.05, fold change >2). To illustrate these disparities in gene
expression, we constructed a differential gene volcano map (Fig. 5A) and
radar chart (Fig. 5B), wherein genes were color-coded: red denoting
high expression, blue indicating low expression, and grey indicating no
significant difference. Notably, we observed a significant difference in
the expression of CPZ. CPZ harbors a cysteine-rich domain akin to

mammalian Frizzled proteins and functions within the extracellular
matrix [75]. This implies a plausible functional analogy between CPZ
and Frizzled proteins. Frizzled proteins serve as receptors of the Wnt
family, impacting critical cellular processes such as proliferation, dif-
ferentiation, and migration [75]. Additionally, CPZ’s overlapping
expression with several Wnt proteins during embryonic stages [75]
suggests that CPZ could function as a binding protein akin to Frizzled
proteins, interacting with Wnt proteins. To further explore the DEGs, we
conducted GO and KEGG enrichment analyses. The GO analysis (Fig. 5C)
and KEGG enrichment analysis (Fig. 5D) revealed that the DEGs were
predominantly associated with extracellular matrix (ECM). During tis-
sue healing, along with cytokines and growth factors, the ECM in-
fluences cell function and plays a crucial role [50]. In bone repair, the
ECM also impacts osteoblast function, aiding in bone regeneration [76].
Notably, the ECM is the principal site for CPZ functional activities [77].

To determine whether CPZ is the key gene that plays a major role in
the ECM and leads to functional differences between the Ti and PDA-
MHA/Mg groups, we conducted further exploration. By analyzing the
results of bone healing promotion in various experimental groups in vivo,
we inferred that CPZ expression in the Ti and PDA-MHA/Mg groups
might be reversed compared to the normal group. Therefore, we used
Venn analysis to identify whether CPZ is the key gene responsible for the
differences between the Ti and PDA-MHA/Mg groups. Employing Venn
plot analysis, we found that, in contrast to normal bone tissue, CPZ
exhibited a decrease in expression in the Ti group but an increase in the
PDA-MHA/Mg group (Fig. 5E). To validate these findings, we examined
the expression of CPZ in vivo through gPCR and WB. The qPCR and WB
analyses demonstrated that CPZ expression was two-fold higher in the
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PDA-MHA/Mg group compared to the control group, while in the Ti 2.9. Validation of osteogenesis mechanisms

group, CPZ expression was only half that of the control (Fig. 5F and G).

Subsequently, we further examined the location of CPZ expression in The validation of osteogenesis mechanisms comprised two compo-
tissues using IF. The IF results indicated that CPZ was primarily nents: assessing the function of CPZ in osteogenesis and investigating the
expressed in the ECM (Fig. 5H), which aligns with our previous hy- impact of PDA-MHA/Mg on CPZ. To validate CPZ’s functionality, we
pothesis about key gene. Based on these results, we hypothesized that employed siRNA to downregulate its expression in MC3T3-E1 cells.
CPZ may serve as a critical molecule in the osteogenic mechanisms Subsequent qPCR analysis indicated a decrease in the gene expression
facilitated by PDA-MHA/Mg. levels of Wnt-4, p-catenin, RUNX-2, OPN, and OCN following CPZ
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inhibition (Fig. 6A). WB and IF results aligned with the qPCR outcomes
(Fig. 6B and C). To further validate CPZ’s functionality, we employed
plasmids to enhance its expression in MC3T3-E1 cells. The qPCR analysis
demonstrated increased expression of Wnt-4, §-catenin, RUNX-2, OPN,
and OCN in MC3T3-E1l cells following CPZ overexpression (Fig. 6D).
Consistently, the WB and IF results corroborated the qPCR findings
(Fig. 6E and F). Previous studies have demonstrated that CPZ, induced
by thyroid hormones, can modulate Wnt/p-catenin signaling and ter-
minal differentiation of growth plate chondrocytes [78]. This study
corroborated that CPZ also modulates the Wnt/p-catenin signaling
pathway in osteoblasts. However, the Wnt/f-catenin pathway is essen-
tial for bone development [79], and its activation of transcription factors
such as RUNX-2 can boost bone growth [40]. As demonstrated by this
study, the Wnt/B-catenin pathway impacted the expression of
osteogenesis-related genes (RUNX-2, OPN, and OCN). Hence, CPZ ap-
pears to modulate the osteogenic differentiation of osteoblasts via the
Wnt/p-catenin pathway.

To assess the impact of PDA-MHA/Mg on CPZ, we employed scaf-
folds to facilitate direct interactions with MC3T3-E1 cells. The qPCR
results showed a significant upregulation in the expression of CPZ, Wnt-
4, p-catenin, RUNX-2, OPN, and OCN in the PDA-MHA/Mg group
compared to the other groups (Fig. 6G). The WB and IF results were
consistent with the qPCR results (Fig. 6H and I). These results indicate
that the PDA-MHA/Mg scaffold can activate CPZ, thereby triggering the
activation of the Wnt/p-catenin pathway. Earlier studies have demon-
strated that Mg?" acts as cofactors for various enzymes, such as those
involved in collagen synthesis and matrix metalloproteinases (MMPs)

[80], which regulate osteoblast functions by modulating the ECM. This
study indicates that, in addition to these enzymes, Mg?" might also serve
as crucial cofactors for CPZ, thereby influencing the ECM to promote
osteoblast differentiation. Furthermore, studies have shown that PDA
has antioxidant properties that generate a low-oxygen environment in
adjacent tissues [81]. This environment could potentially enhance the
synthesis of thyroid hormones, leading to increased CPZ expression
[82]. Our findings suggest that PDA may enhance CPZ expression,
thereby promoting osteoblast differentiation.

3. Materials and methods
3.1. Materials

Cylinder Mg (99.99 % purity) was supplied by the Ningbo Branch of
the China Academy of Ordnance Sciences (Ningbo, China). Dopamine
hydrochloride (DA) was obtained from Macklin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China), nHA was purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China). The in vivo tests
were approved by the Management Committee of the Animal Ethics
Committee of Ningbo University and were performed at the Ningbo
University Animal Experiment Center, utilizing Sprague-Dawley rats
(SPF grade) as the test animals. All animal experiments adhered to the
guidelines outlined in the National Research Council’s Guide for the
Care and Use of Laboratory Animals (GB/T 35892-2018). Transcriptome
sequencing and subsequent analysis were conducted by OE Biotech Co.,
Ltd. (Shanghai, China).
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3.2. Preparation of PDA-MHA/mg

To obtain MHA/Mg, Cylinder Mg underwent ultrasonic cleaning
with ethanol, followed by micro-arc oxidation in an electrolyte solution
composed of 3.0 g/L sodium hexametaphosphate, 8.0 g/L potassium
fluoride, 10.0 mL/L ethylene glycol, and 1.0 g/L nHA. The applied
voltage was varied at 360 V, 420 V, and 480 V, respectively. The
oxidizing time was 5 min with a duty cycle of 40.0 % and a frequency of
1000 Hz. Afterwards, we soaked MHA/Mg in a DA/Tris-HCl buffer (pH
8.5) solution with a concentration of 2.0 mg/mL for 12 h, forming PDA-
MHA/Mg. We then rinsed the PDA-MHA/Mg with distilled water and
left it to dry at room temperature overnight. Detailed methods were
described in the Supporting Information.

4. Conclusions

This study introduces a novel PDA-MHA/Mg scaffold with a high-
bonding strength composite coating, presenting an effective approach
for treating bone defects. Initially, this study demonstrated that the PDA-
MHA composite coating improves the surface hydrophilicity of Mg and
moderates its degradation rate. Subsequently, this study revealed a
significant enhancement in bone regeneration facilitated by the scaffold,
as evidenced by the regulation of osteogenic markers, including RUNX-
2, OPN, OCN, and VEGF. Transcriptomic analysis further elucidated the
molecular mechanisms involved, demonstrating how the PDA-MHA/Mg
scaffold upregulates CPZ expression and activates the Wnt-4/p-catenin
signalling pathway, which is crucial for bone regeneration (Fig. 7).
Overall, the PDA-MHA/Mg scaffold with a simple fabrication process
and excellent performance, showing potential for clinical application.
Furthermore, the research demonstrated that PDA can synergistically
enhance bone repair with Mg, revealing the specific molecular mecha-
nisms involved. This finding significantly broadens the application
scenarios of Mg and PDA in the field of biomaterials.
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