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A B S T R A C T

Bone tissue regeneration presents a significant challenge in clinical treatment due to inadequate coordination 
between implant materials and reparative cells at the biomaterial-bone interfaces. This gap underscores the 
necessity of enhancing interaction modulation between cells and biomaterials, which is a crucial focus in bone 
tissue engineering. Metal-polyphenolic networks (MPN) are novel inorganic-organic hybrid complexes that are 
formed through coordination interactions between phenolic ligands and metal ions. These networks provide a 
multifunctional platform for biomedical applications, with the potential for tailored design and modifications. 
Despite advances in understanding MPN and their role in bone tissue regeneration, a comprehensive overview of 
the related mechanisms is lacking. Here, we address this gap by focusing on MPN biointerface-mediated cellular 
regulatory mechanisms during bone regeneration. We begin by reviewing the natural healing processes of bone 
defects, followed by a detailed examination of MPN, including their constituents and distinctive characteristics. 
We then explore the regulatory influence of MPN biointerfaces on key cellular activities during bone regener
ation. Additionally, we illustrate their primary applications in addressing inflammatory bone loss, regenerating 
critical-size bone defects, and enhancing implant-bone integration. In conclusion, this review elucidates how 
MPN-based interfaces facilitate effective bone tissue regeneration, advancing our understanding of material 
interface-mediated cellular control and the broader field of tissue engineering.

1. Introduction

Bone defects caused by accidents, infectious diseases, or tumor re
sections contribute to patient deformity and mortality, imposing sig
nificant socioeconomic burdens [1]. The “gold standard” treatments for 
bone defects, including autologous and allogeneic bone grafts, have 
several limitations and disadvantages [2]. These include the risk of 
immune rejection, a scarcity of bone donors, the potential for infection, 
and the complexity of the morphology involved [3]. With the rapid 
advancement of biomedical technology and materials science, tissue 
engineering has emerged as an innovative approach for the repair of 
bone defects [4–6]. The specific approach in bone tissue engineering 
involves inoculating stem cells with multidirectional differentiation 
potential and bioactive growth factors onto functional biomaterial 

scaffold structures [7]. The biomaterial scaffolds hold significant 
promise as alternatives to traditional bone grafts.

The material interfaces play a crucial role in facilitating cell adhe
sion, proliferation, and differentiation, thereby establishing a conducive 
osteogenic microenvironment [8,9]. Over the years, research has 
demonstrated that the physicochemical properties (e.g., wettability, 
roughness, stiffness, and surface chemistry) of biomaterial scaffold in
terfaces play a crucial role in regulating various cell types (e.g., endo
thelial cells, osteoblasts, and stem cells) [10–12]. For instance, in 
comparison to a hydrophobic scaffold surface, a hydrophilic scaffold 
surface promotes greater cell adhesion, thereby establishing a founda
tion for osteogenic differentiation and matrix mineralization at the 
scaffold-bone interface [13]. Osteoblasts prefer rough surfaces [14]. The 
hardness of scaffold materials is expected to align with that of natural 
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bone, as mesenchymal stem cells (MSCs) tend to assume an 
osteoblast-like morphology and efficiently elongate on harder surfaces, 
while they typically adopt elongated spindle shapes on softer surfaces 
[10]. The chemical functional groups (e.g., -CH3, -NH2, -COOH, and 
-OH) at the scaffold-bone interfaces are intricately linked to biocom
patibility and immunogenicity, profoundly affecting cell adhesion, 
proliferation, and differentiation [15,16]. Accordingly, optimizing the 
physicochemical properties of material-biointerfaces is crucial for 
enhancing the effectiveness of bone healing.

To date, a range of surface modification technologies has been 
developed for the design of bone scaffolds [17]. These methods can be 
classified into three categories: chemical, physical, and biological ap
proaches, each possessing distinct advantages and limitations [10,18,
19]. Chemical modifications enable the precise tailoring and function
alization of surfaces; however, they may involve complex processes and 
pose potential toxicity risks [20,21]. Physical methods (e.g., simple 
physical absorption, plasma treatments, and laser ablation) offer 
simplicity and versatility without introducing chemical contaminants, 
though they may limit functionalization and stability [22,23]. Biological 
methods primarily employ natural extracellular matrix molecules, an
tibodies, aptamers, or growth factors as surface modifiers to develop 
functional scaffold materials [24,25]. However, these methods may 
encounter challenges related to stability and potential immune re
sponses [26,27]. The choice of the above method depends on the specific 

requirements of application, taking into account factors such as bioac
tivity, stability, cost, and complexity. Thus, a simple yet effective surface 
modification approach is currently in high demand.

Metal-phenolic networks (MPN) are self-assembled supramolecular 
nanostructures formed by the coordination interactions between poly
phenolic ligands and metal ions [28,29]. The use of MPNs as a surface 
coating strategy, initially proposed by Frank Caruso in 2013, provides a 
convenient method for combining phenolic ligands with metal ions on 
various substrate surfaces [30]. This results in materials that possess 
extensive adhesion, responsiveness to stimuli, antioxidant capacity, 
anti-inflammatory properties, and antibacterial activity [30,31]. MPNs 
have emerged as promising candidates for constructing bioactive ma
terial interfaces, interacting cell behaviors, and regulating biological 
processes [32–34]. While there are reviews on the fabrication and ap
plications of MPNs in areas such as drug delivery and disease thera
peutics, few have systematically explored the mechanisms by which 
MPNs regulate cellular behavior to promote bone tissue regeneration 
[31,35–37]. Therefore, there is a substantial need for a comprehensive 
summary of how MPNs, as bioactive interfaces, facilitate bone tissue 
regeneration.

In this review, we will elucidate the natural and material-mediated 
processes of bone healing, explore the impact of the MPN interface on 
critical cell fate, and provide an overview of the applications of MPNs in 
bone regeneration. This review aims to offer theoretical and technical 

Scheme 1. Schematic illustration of the interface assembly, cell regulation, and bone regeneration applications of MPNs.
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support for bone tissue engineering utilizing MPNs and to encourage the 
application of material surface engineering in the field of biomedicine 
(Scheme 1).

2. Natural and material interface-mediated bone healing 
process

2.1. Natural bone healing process

Bone defects are categorized as critical-size or non-critical-size based 
on their regenerative potential [38]. Non-critical-sized bone defects, 
characterized by smaller defect volumes, often demonstrate the natural 
healing capacity of bone [39]. In contrast, bone defects exceeding the 
critical size threshold will not heal without intervention [40,41]. In the 
development of animal models for experimental critical bone defects, 
rats, rabbits, dogs, pigs, and sheep are primarily utilized. The rat model 
for studying critical bone defects typically involves the creation of cir
cular defects of ≥5 mm in diameter in the calvaria, femur, or mandible 
[42]. Rabbits models generally featured a 10 mm in diameter circular 
defect in the calvaria and an 11 mm diameter circular defect in the 
mandible [43]. The critical bone defect dog model commonly involves a 
15 mm diameter and 4 mm deep defect in the mandible [44]. The critical 
bone defect porcine model mainly involves the preparation of a 
full-thickness cylindrical defect with a 25 mm diameter in the mandible 
[45]. The sheep model is primarily used for diaphyseal defects 
measuring ≥60 mm in size [46]. It is important to note that, at present, 
rats and rabbits are predominantly used for in vivo studies of bio
materials in laboratory settings, while the application of biomaterials in 
large animals remains relatively uncommon. This section focuses on the 
natural bone healing process of non-critical-size defects at the cellular 
and molecular levels, with the aim of providing inspiration and guide
lines for the rational design of biomaterials that can replicate the natural 
healing process in critical-size defects. The natural healing process of 
bone tissue can be divided into three stages: (1) Inflammatory Response: 
The formation of a hematoma and various stimuli activate multiple 
inflammatory-related cascade signaling pathways within the stromal 
microenvironment of the bone defect. (2) Callus Formation: Activated 
and recruited cells coordinate an inflammatory response, promote 

osteogenesis, and secrete bone matrix components necessary for the 
formation of both soft and hard calluses. (3) Bone Remodeling: The bone 
matrix is shaped, calcified, and reconstructed under the precise regu
lation of osteoblasts and osteoclasts (Fig. 1).

Inflammatory Response: Immediately following a bone injury, 
platelets are exposed to the extravascular environment due to the 
rupture of blood vessels, which initiates a clotting cascade reaction. 
Simultaneously, inflammatory cells, including neutrophils and mono
cytes, are meticulously orchestrated by platelets and endothelial cells to 
migrate into the extracellular matrix of the hematoma [47]. Subse
quently, macrophages undergo polarization into M1-phenotype macro
phages (M1) and secrete pro-inflammatory factors, such as 
interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), and interferon-γ 
(IFN-γ). Monocyte-derived osteoclasts absorb necrotic bone fragments 
and temporary fibrin matrices from fractured bones [48]. The localized 
hypoxic and acidic microenvironment activates signaling pathways 
associated with osteogenesis and angiogenesis, thereby recruiting MSCs 
and fibroblasts. This process accelerates the formation of granulomas 
and replaces hematomas [40,41]. In summary, the initial inflammatory 
response and hematoma formation are essential prerequisites for sub
sequent bone healing.

Callus Formation: The recruitment of macrophages, MSCs, and fi
broblasts aids in reducing inflammation and promoting the formation of 
bone matrix [49,50]. M2-phenotype macrophages (M2), which are 
smoothly reprogrammed from M1, produce anti-inflammatory cytokines 
such as interleukin-10 (IL-10), arginase-1 (ARG-1), and cluster of dif
ferentiation 206 (CD206) to mitigate inflammation. It is worth noting 
that the rapid phenotypic transition of macrophages from the M1 to M2 
state plays a critical physiological role in successful endochondral 
ossification, maintaining cellular homeostasis, and osteogenesis [51]. 
M2 contribute to vascularization, immune response, and bone matrix 
deposition by secreting vascular endothelial growth factor (VEGF), 
transforming growth factor-beta (TGF-β), and bone morphogenetic 
protein-2 (BMP-2) [52,53]. They subsequently facilitate the migration, 
homing, and osteogenic differentiation of MSCs [49,54]. MSCs are 
induced to undergo chondrogenic differentiation by oncostatin M and 
BMP-2, which are regulated by macrophages [55,56]. Synergistically, 
vascular endothelial cells (VECs) are stimulated by VEGF to promote 

Fig. 1. Natural bone healing process at the cellular and molecular levels, including inflammatory response, callus formation, and bone remodeling.
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angiogenesis, thereby establishing essential pathways for the transport 
of oxygen and nutrients necessary for bone regeneration. Chondrocytes 
produce cartilage to create a soft callus, which involves the participation 
of fibrous tissue. By upregulating the Wnt signaling pathway, MSCs 
enhance osteogenic differentiation by modulating runt-related tran
scription factor 2 (RUNX2) and Osterix (OSX) for endochondral ossifi
cation [57,58]. The woven bone forms a protective layer over the outer 
surface of the soft callus, enhancing its mechanical stability. Moreover, 
active fibroblasts secrete biological substances that promote the initial 
formation of the callus, while osteoblasts contribute to matrix miner
alization and play a crucial role in the formation of the bony callus [40]. 
Additionally, the formation of neovascular networks is supported syn
ergistically [48]. In summary, macrophages are influenced by the initial 
inflammatory response to mitigate inflammation and stimulate angio
genesis, while activated MSCs aggregate to promote the formation of 
bone matrix.

Bone Remodeling: Bone remodeling is a continuous physiological 
process characterized by a dynamic equilibrium between osteoblasts 
and multinucleated osteoclasts, which ensures the effective coexistence 
of callus remodeling and maintenance [59,60]. In particular, macro
phages activated by the receptor activator of nuclear factor kappa-B 
ligand (RANKL) signaling pathway and colony-stimulating factor 
(CSF) differentiate into osteoclasts, which are responsible for bone callus 
resorption [61]. Both RANKL and CSF are essential factors in the for
mation and function of osteoclasts [62]. Simultaneously, osteoblasts 
upregulate the expression of osteogenic markers, including 
cyclooxygenase-2 (COX2), osteopontin (OPN), and RUNX2. They also 
enhance alkaline phosphatase (ALP) activity and promote calcium 
deposition, leading to the formation of a demineralized bone matrix 
[63]. It is beneficial for maintaining the homeostasis of callus recon
struction and preservation by balancing the activities of osteoblasts and 
osteoclasts [64]. Ultimately, the Haversian system is reconstructed, the 
standard bone shape is restored, and the bone healing process is final
ized. In summary, the regulation of homeostasis and the biological 

functionality of osteoblasts and osteoclasts play a crucial role in the bone 
remodeling process.

In summary, the initial mild inflammatory response triggers the 
release of various cytokines, which activate macrophages and MSCs to 
participate in the formation of both soft and hard calluses. Immuno
regulation aimed at reshaping a favorable osteogenic immune micro
environment is essential for mitigating the inflammatory response, 
promoting osteogenesis, and enhancing angiogenesis. The dynamic 
equilibrium between osteoblasts and osteoclasts is crucial for the 
maintenance phase of bone healing.

2.2. Material interface-mediated bone regeneration

It is challenging for the body’s innate repair capacity to address 
critical bone defects. With the integration of tissue engineering mate
rials, complete bone regeneration is becoming a reality. In response to 
this challenge, researchers are actively developing biomaterials specif
ically tailored for the material-bone interface to enhance bone healing. 
These interfaces are engineered to regulate immunomodulation, induce 
osteogenesis, and promote vascularization, thereby facilitating bone 
regeneration mediated by the material interface (Fig. 2).

2.2.1. Immunomodulation
In recent years, research has revealed that immune cells, particularly 

macrophages, play a crucial regulatory role in the process of bone 
regeneration [65]. Current research indicates that biomaterials can 
foster a favorable osteoimmune microenvironment by recruiting and 
polarizing immune cells.

The recruitment and polarization of macrophages have been shown 
to be influenced by the physicochemical properties of material surfaces 
and the delivery of exogenous bioactive molecules [66]. The physico
chemical properties of the material’s surface (e.g., topography, stiffness, 
porosity, wettability, and surface charge) will directly influence 
macrophage behavior. For instance, compared to a planar surface, a 

Fig. 2. Material interface-mediated bone healing process, including immunoregulation, osteogenesis, and vascularization, influenced by physicochemical properties 
and surface modifications of these interfaces.
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grooved topographical surface can promote macrophage polarization 
toward the M2 by elongating cytoskeletal proteins and suppressing the 
expression of inflammatory factors [67,68]. Compared to the soft (11 
kPa) and medium-stiffness (88 kPa) gels, stiff gels (323 kPa) generate 
mechanical stimuli that activate to the cell surface cation channels and 
promote differentiation towards M2 [69,70]. Hydrophilic or neutral 
biomaterials can promote M2 activation due to conformational changes 
in fibronectin and fibrinogen, whereas hydrophobic biomaterials tend to 
polarize towards M1 [71]. Scaffold surfaces with a positive surface 
charge are more likely to elicit inflammatory responses and activate M1 
due to their interaction with negatively charged cell membranes, in 
contrast to surfaces with a negative or neutral charge [65]. The delivery 
of exogenous bioactive molecules to the scaffold-bone interfaces is a 
conventional method for enhancing the diverse functions of macro
phages. Common delivery substances primarily include cytokines (e.g., 
IL-4 [72] and BMP-2 [73]), drugs (e.g., dexamethasone [74] and sita
gliptin [75]), bioactive ions (e.g., Ca2+, Mg2+, Zn2+, and Cu2+) [76–80], 
and exosomes [81]. In summary, modifying physicochemical properties 
and delivering bioactive substances at the scaffold-bone interfaces are 
fundamental aspects of immunomodulation.

2.2.2. Osteogenesis
Proverbially, osteoconductivity and osteoinductivity are essential 

properties of implant biomaterials that enhance osteogenesis [82,83]. 
The key to effectively reinforcing osteogenesis lies in three crucial as
pects: the physicochemical properties, metal ions, and bioactive mole
cules present on the material surfaces.

The surface physicochemical properties play a crucial role in regu
lating cell adhesion, proliferation, differentiation, and bone mineral 
formation [84]. Ceramics, which are non-metallic inorganic bio
materials, are widely recognized for their osteoconductive properties 
due to their crystalline and mineral phases that closely resemble those of 
natural bone tissue [83]. Surface charges generated by electrical stim
ulation influence cellular adhesion, proliferation, arrangement, migra
tion, and differentiation through the calmodulin/calcineurin/nuclear 
factor of activated T-cells (CaM/Cn/NFAT) pathway, the 
mitogen-activated protein kinase/extracellular signal-regulated kinase 
(MAPK/ERK) pathway, and Ca2+ influx [85,86]. The geometry of pores, 
including variations in channel size, shape, and curvature, can influence 
cellular functions [87]. The size and shape of the middle channel can 
enhance bone formation. High-curvature pores promote increased 
ectopic bone formation by activating mechanosensitive pathways. 
Additionally, the multicellular spatiotemporal organization of 
pre-osteoblasts suggests that these cells preferentially inhabit regions 
characterized by at least one negative principal curvature [78,88]. 
Biomimetic scaffolds are designed to replicate the properties of natural 
bone tissue, providing dynamic mechanical stimuli to promote the 
osteogenic differentiation of MSCs. And the MSCs will differentiate into 
osteoblasts on scaffolds that have been stiffened after 24 h, due to 
increased nuclear tension and histone acetylation [89]. The topo
graphical cues, such as micro- and nano-structures in 
micro/nano-hybrid scaffolds, can facilitate osteogenic differentiation by 
activating various receptors on osteoblasts [90]. The bioactive ions (e.g., 
Ti4+, Mg2+, Fe3+, Zn2+, and Ca2+) released from scaffolds could stim
ulate the osteogenic differentiation of stem cells [91]. For example, the 
incorporation of Sr2+, Mg2+, and Li+ into bioceramics could reduce 
RANKL-induced osteoclasts formation and promote osteogenesis 
[92–94]. In addition, bioactive macromolecules (e.g., growth factors and 
stem cells) loaded onto the scaffolds can also participate in the osteo
genic differentiation of stem cells at the interface of the scaffolds 
[95–97]. In summary, the physicochemical properties, metal ions, and 
bioactive molecules present on material surfaces play a significant role 
in osteogenesis during the bone healing process.

2.2.3. Vascularization
Given that bone is a highly vascularized tissue, angiogenesis is 

closely associated with the regeneration of bone tissue. Notably, in 
retrospect to the previous experiments on vascularization, modifications 
of the physicochemical properties and biochemical components of 
scaffold surfaces have been proposed. Compared to softer materials, 
stiffer materials promote endothelial cell migration and adhesion [98]. 
Increasing the roughness of material surfaces enhances endothelial cell 
adhesion, promotes cell growth, and stimulates angiogenesis [99]. High 
porosity in the implanted materials can create an optimal microenvi
ronment for cell interactions and migration, thereby promoting the 
rapid vascularization of the defective tissue [100]. Electrical stimulation 
enhances the proliferation and tuberization of VECs and regulates the 
synthesis of crucial growth factors and cytokines (e.g., basic fibroblast 
growth factor, angiopoietin-2, thrombopoietin, and epidermal growth 
factor) during angiogenesis. This process occurs through the activation 
of the phosphoinositide 3-kinase (PI3K) and rho-associated protein ki
nase (ROCK) signaling pathways [101]. The components used for 
biochemical surface modification of scaffolds can influence the behavior 
of VECs. Scaffold surface modifications include 
arginine-glycine-aspartic acid [102,103], heparin [104], growth factors 
(e.g., VEGF [105]), metal ions (e.g., Cu2+, Mg2+, and Zn2+) [106–108], 
exosomes [109], and graphene oxide [110]. Herein, the vascular net
works induced by the physicochemical properties and active compo
nents of scaffold materials could effectively promote angiogenesis and 
facilitate bone repair.

After implantation, the bioactive scaffold interfaces directly interact 
with the cells at the defect site, regulating the bone immune microen
vironment, stimulating osteogenic activity, and enhancing vasculariza
tion. In order to efficiently facilitate the bone healing process at 
biointerfaces, several design principles must be considered. 

- Biocompatibility: Materials must not provoke a harmful immune 
response and should promote the activity of regenerative cells.

- Bioactivity: Materials must actively engage with the biological 
environment to facilitate healing processes.

- Degradability: Ideally, the material should degrade at a rate that 
aligns with new bone formation, gradually transferring the me
chanical load to the healing tissue.

3. Metal-phenolic networks

MPNs represent an emerging class of organic and inorganic hybrid 
complexes formed by the combination of metal ions and polyphenols. 
These complexes create a composite network through various in
teractions, including coordination interactions, cation-π interactions, 
dynamic covalent interactions, and redox interactions [36,111]. MPNs 
can be effectively applied to a diverse range of material substrates, 
imparting various physicochemical functions that regulate cell fate [37,
112]. In this section, we will provide a comprehensive introduction to 
composites and their physicochemical properties, establishing a foun
dation for the biological applications of MPNs as bioactive interfaces.

3.1. Flexible diversity of polyphenol ligands

Polyphenols, containing one or more phenol, catechol, or pyrogallol 
groups, are secondary metabolites primarily found in a diverse range of 
plant-based foods, including fruits, vegetables, tea leaves, and cereals 
[113]. In recent years, representative phenolic compounds, such as 
tannic acid (TA) [114], epigallocatechin gallate (EGCG) [115], pyro
gallol (PG) [116], gallic acid (GA) [117], dopamine (DA) [118], and 
quercetin [119], have been extensively applied in the biomedical field 
[120,121]. Polyphenols exhibit distinctive characteristics, including 
antioxidant, anticancer, anti-inflammatory, antimutagenic, and anti
bacterial properties, which potentially provide protection against 
certain chronic diseases [122,123]. The natural bioactivities mentioned 
above are influenced by the number and position of phenol groups, 
which in turn affect cellular outcomes.
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3.2. Diversity and functionality of metal ions

MPNs containing various metal ions, including transition metals and 
main group metals, exhibit a wide range of functionalities, such as 
antibacterial, osteogenic, and angiogenic properties [36]. According to 
their functionalities, the metal ions can be categorized into several 
types: those with photothermal properties [124–127] (e.g., Zn2+, Mn2+, 
Fe3+, V3+, Bi3+, and Ru3+), theranostic functions [128–130] (e.g., Mn2+, 
Cu2+, Zn2+, Eu2+, Zr2+, Fe3+, Gd3+, and Tb3+), antimicrobial properties 
[131–140] (e.g., Ag+, Au+, Cu2+, Ca2+, Zn2+, Co2+, Ni2+, Cd2+, Hg2+, 
La3+, Gd3+, Cr3+, Tb3+, V3+, Re3+, Fe3+, Ti4+, and W6+), osteogenic 
properties [141–144] (e.g., Zn2+, Mg2+, Ca2+, Sr2+, and Ti4+), and 
vascularization [139,145–149] (e.g., Mg2+, Sr2+, Cu2+, and Zn2+). 
Versatile metallic elements offer a multitude of biochemical and bio
physical signals that can modulate material properties, thereby 
enhancing our understanding of tissue regeneration engineering.

A summary of the various biological functions of polyphenols and 
metal ions is presented in Fig. 3. Although many natural polyphenols 
have been utilized for the assembly of MPNs, the exploration of synthetic 
polyphenols remains limited. Furthermore, we aim to expand the 
functional characteristics of polyphenols to enhance the applications of 
MPN assembly in the future. In addition, the toxicity of metal ions must 
be thoroughly considered when applying MPNs in biomedicine, as 
certain metal ions may pose biocompatibility concerns, even at very low 
doses.

3.3. Physicochemical properties of MPNs

The physicochemical properties of MPNs play a crucial role in 
various biological functions. In this section, we will provide a brief 
overview of the assembly behavior, adhesion properties, controlled 
permeability, stimuli-responsiveness, and catalytic properties (Fig. 4).

3.3.1. Assembly
The “one-pot” assembly strategy, initially proposed by Frank Caruso 

in 2013, offers a straightforward method for combining phenolic ligands 
and metal ions on a variety of substrates, regardless of their composi
tion, size, shape, or structure [30]. It has been reported that MPNs can be 
assembled on various surface substrates, including glass, gold (Au), 
polydimethylsiloxane (PDMS), poly (lactic-co-glycolic acid) (PLGA), 

silica (SiO2), aminated SiO2, cetyltrimethylammonium bromide-capped 
Au nanoparticles (Au NPs), calcium carbonate (CaCO3), Escherichia coli, 
and Staphylococcus epidermidis (Fig. 4a) [30]. The molar ratio of metal 
ions to polyphenols affects the thickness and roughness of MPN struc
tures. It is worth mentioning that, compared to polyphenols, metal ions 
exert a more significant influence on the assembly process. The assembly 
process ends when the metal ions are exhausted, and MPNs gradually 
aggregate as the number of metal ions involved increases. The thickness 
of the MPN films depends on the selected metal and the metal feed 
concentration. Favorable results demonstrated that, compared to metals 
with different oxidation numbers (Cu2+/TA, Al3+/TA, and Zr4+/TA), the 
film thickness of Zr4+/TA was the thickest and Cu2+/TA capsules the 
thinnest. The film thickness of the capsules increased as the 
metal-to-ligand feed ratio changed from 1:3 to 3:1 [150]. The size of the 
MPN nanoparticles (NPs) can be controlled by adjusting the reaction 
time, precursor concentration, and the metal-to-ligand ratio [151]. MPN 
NPs gradually increased from 20 to 60 nm as the reaction time increased 
from 0 to 30 min and then plateaued. When the concentrations of the 
precursors were increased simultaneously, the size of the MPN NPs 
increased proportionally. The size of the NPs could also be increased by 
increasing the molar ratio of metal ions to polyphenols. To demonstrate 
the surface charges of MPNs, using TA as a model polyphenol, all 
selected metal ions (Cu2+, Fe3+, Al3+, Zr4+, and Ti4+) formed MPN NPs 
featuring ζ-potentials ranging from − 30 to − 50 mV. Using Fe3+ as a 
model metal ion, the use of smaller phenolic ligands (TA, EGCG, CAT, 
and GA) resulted in the formation of MPN NPs with more neutral 
ζ-potentials [152]. Increased concentrations of phosphate buffer 
(ranging from 0.1 to 10 mM) resulted in MPN NPs (Fe2+/quercetin) 
featuring ζ-potentials ranging from − 30 to − 40 mV. Changing the pH 
range from 4 to 8 led to the deprotonation of quercetin and insulted MPN 
NPs (Fe2+/quercetin) in a transition in ζ potential from − 15 to − 30 mV 
[151]. The deposition of MPNs layers contributed to the high stiffness of 
the resulting films, which was attributed to the clustered distribution of 
metal-catechol/pyrogallol complexes. Conversely, the removal of metal 
significantly leaded to a reduction in material stiffness [36,153]. 
Accordingly, MPNs can assemble on a variety of material substrates, and 
the assembly process can be precisely regulated through reaction time, 
precursor concentration, and metal-to-ligand ratio. This provides viable 
platforms for various material interfaces to implement MPN-based 
modification strategies.

Fig. 3. Diversity and biologic activities of polyphenols and metal ions.
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3.3.2. Adhesion
Inspired by the remarkable underwater adhesion properties of 

mussel foot proteins that contain L-3,4-dihydroxyphenylalanine 
(DOPA), this adhesion mechanism can be utilized on a variety of sub
strate surfaces. The interactions between MPNs and the surfaces of 
substrates are classified as non-covalent and covalent interactions. The 
non-covalent interactions include hydrogen bonding, π-π electron in
teractions, cation-π interactions, coordination with metal oxide surfaces, 
and catecholato-metal ion interactions. The covalent interactions 
include catechol-boronate interactions and nucleophilic addition re
actions (Fig. 4b) [154]. MPN-based interface modification serves as the 
foundation for waterproof adhesives, wherein the quinone-catechol 
reversible redox reaction involving silver and lignin enhances 
long-term adhesion to both hydrophilic surfaces (e.g., heart, lung, kid
ney, spleen, liver, bone, and muscle) and hydrophobic surfaces (e.g., 
polypropylene, Teflon, rubber, glass, nut shell, and steel) [155,156]. 
Accordingly, MPNs exhibit strong adhesion to a wide range of material 
surfaces through both non-covalent and covalent interactions.

3.3.3. Permeability
Cargo encapsulation and release can be achieved through the pro

grammable permeability of MPNs. The intermolecular interactions (e.g., 
coordination, π-π stacking, hydrogen bonding, and electrostatic inter
action) of MPNs can be modulated by intrinsic (i.e., building blocks) and 
extrinsic (i.e., environmental pH) parameters. This modulation allows 
for the dynamic gating of MPNs, including moderately permeable, 
highly permeable, or nearly impermeable states [157]. In this section, 

we primarily focus on the types of phenolic and metal building blocks, as 
well as the molar ratios of the precursors. The extrinsic parameters will 
be discussed in the next section. Specifically, increasing the Fe3+/TA 
molar ratio significantly altered the permeability of the Fe3+/TA cap
sules as the ratio increased from 0.5:1 to 3:1. And the continued increase 
beyond 3:1 resulted in additional nanoscale defects on the Fe3+/TA 
capsules, which translated to higher permeability. The impact of metal 
ions on capsule permeability was investigated using Fe3+/TA, Al3+/TA, 
and Cu2+/TA capsules. The strong binding affinity between Fe3+ and the 
catechol/galloyl groups of TA resulted in the formation of stable 
Fe3+/TA networks, which effectively reduced permeability. Al3+ and 
Cu2+ exhibited a significantly lower binding affinity to TA, leading to a 
decreased cross-linking density within the network. This reduction in 
cross-linking resulted in diminished steric hindrance between TA mol
ecules, ultimately contributing to increased permeability. The effect of 
phenolic ligands on capsule permeability was examined using Fe3+/TA, 
Fe3+/GA, and Fe3+/PG capsules, all of which maintained the same molar 
ratio of phenolic groups. The carboxylic groups on GA could potentially 
provide additional driving forces (e.g., hydrogen bonding, and salt 
bridging of carboxylate) for capsule shrinkage, resulting in the lowest 
permeability, while the Fe3+/TA and Fe3+/PG capsules exhibited high 
permeability [157]. Accordingly, the adjustable permeability of MPNs 
offered valuable insights for designing smart hybrid materials intended 
for drug delivery applications. Our group reported a MPNs (Cu2+/TA) 
coating constructed on the surface of a porous poly (DL-lactide) (PPLA) 
scaffold. Based on the low permeability and molecular gating properties 
of the Cu2+/TA supramolecular structure, the PPLA@MPN scaffold 

Fig. 4. Physicochemical properties of MPNs. (a) MPNs assembled at different surface substrates. Reproduced with permission from Ref. [30]. Copyright 2013 
Science. (b) Mechanism of extensive adhesiveness. (c) Permeability of MPNs. Reproduced with permission from Ref. [158]. Copyright 2021 ACS Appl. Mater. In
terfaces. (d) Catalysis ability of MPNs. Reproduced with permission from Ref. [161]. Copyright 2024 ACS Nano.
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achieved sustained release of the loaded growth factors (BMP-2). This 
endowed the scaffold with osteogenic capabilities and enhanced its 
performance in bone tissue engineering (Fig. 4c) [158].

3.3.4. Catalysis
MPNs are effective agents in the Fenton reaction. H2O2 can be acti

vated by Cu+/Fe2+ to continuously produce highly reactive hydroxyl 
radicals (⋅OH), which have applications in various fields. In the MPN- 
participated Fenton reaction, polyphenols facilitated the valence trans
formation between Fe2+ and Fe3+, enabling the continuation of the 
Fenton reaction. According to Zhu and co-workers, a MPN (Fe3+/ 
mitoxantrone) nanocatalyst was fabricated to catalytically convert 
endogenous H2O2 into highly reactive hydroxyl radical (⋅OH). This 
process enhances catalytic performance for irreversible ferroptosis by 
accumulating lethal lipid peroxides, ultimately leading to the death of 
tumor cells [159].

In addition, MPNs can function as a class of synthetic nanozymes that 
mimic the superoxide dismutase (SOD) and catalase (CAT) cascade, 
effectively eliminating various reactive oxygen species (ROS). Cu is 
essential in various natural enzymes (i.e., SOD) [160]. Our group re
ported an artificial biocatalyst, induced by phenolic ligand-metal charge 
transfer (LMCT), that utilized Cu2+ antioxidant nanozymes to mimic 
natural enzymes. This biocatalyst effectively eliminated ROS and facil
itated the healing of chronic diabetic wounds (Fig. 4d) [161]. The MPN 
nanozyme demonstrated the ability to scavenge ROS through LMCT at a 
nanointerface. This finding offers an alternative strategy for developing 
metal-based nanozymes for the treatment of diabetic wounds and other 
diseases.

Accordingly, the catalytic ability of MPNs mainly serves to enhance 
ferroptosis through the Fenton reaction and mitigate oxidative stress.

3.3.5. Stimuli-responsiveness
The stimuli-responsiveness of MPNs was harnessed to enhance the 

capabilities of smart nanodrug delivery systems, including improved 
loading efficiency, bioavailability, and on-demand delivery. This section 

focuses on the responsiveness of MPNs to various stimuli, including pH, 
glutathione (GSH), reactive oxygen species (ROS), ultraviolet (UV) light, 
and near-infrared (NIR) radiation.

The coordination interaction occurs when two or more phenolic li
gands donate a non-bonding electron pair to the vacant orbitals of a 
metal ion. Mono-complexes form at low pH, while bis- and tris- 
complexes are produced at high pH. Mono-complexes are structurally 
unstable and prone to structural disintegration, whereas bis- and tris- 
complexes exhibit constitutional stability [36]. The conversion be
tween bis- or tris-complexes and mono-complexes is achievable by 
adjusting the pH, which endows MPNs with controlled assembly and 
disassembly dynamics, enabling the on-demand loading and release of 
cargo. It is worth noting that raising the pH increases the permeability of 
MPN capsules. The elevated pH facilitates the deprotonation of phenolic 
ligands, leading to MPN capsules acquiring a more negative charge. The 
enhanced electrostatic repulsion between phenolic ligands, along with 
the increased tendency to form tris-state complexes, resulted in the 
loosening of internal molecular packing and the enlargement of pores 
within the film. MPN capsules can load cargo at a pH of 9. By reducing 
the pH to 4 after loading, the cargo can be encapsulated within the inner 
MPN capsules due to their increased hydrophobicity, closer packing, and 
near-impermeable properties. The cargo encapsulated in MPN capsules 
is released at varying pH levels. From pH 5 to 9, the capsules demon
strate increasing permeability. The programmable permeability of MPN 
capsules could be potentially useful for smart coatings (Fig. 5a) [157]. In 
another study, the pH-responsive drug release from MPN was also an 
intelligent nanodrug delivery platform. Cu2+/3,4,5-trihydrox
ybenzaldehyde (THBA) NPs were developed to load tobramycin (TOB) 
using a one-step self-assembly method based on a metal-phenolic 
network and Schiff base reaction to eradicate biofilms. The acidic 
environment disrupted the hydrogen bonds and metal coordination, 
resulting in the dissociation of NPs, which exert antibacterial effects 
[162]. Accordingly, pH can flexibly modulate the degree of MPN coor
dination to control drug loading and release.

Reports have revealed that elevated levels of ROS and significant 

Fig. 5. Stimuli-responsiveness of MPNs. (a) pH-responsiveness of MPNs. Reproduced with permission from Ref. [157]. Copyright 2020 Chem. Mater. (b) 
GSH-responsiveness of MPNs. Reproduced with permission from Ref. [166]. Copyright 2023 Adv Healthcare Mater. (c) ROS-responsiveness of MPNs. Reproduced 
with permission from Ref. [167]. Copyright 2023 Adv Healthcare Mater. (d) Light-responsiveness of MPNs. Reproduced with permission from Ref. [168]. Copyright 
2021 Adv. Mater.
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depletion of GSH are advantageous strategies in cancer treatment [163]. 
MPNs have emerged as promising candidates for depleting intratumoral 
GSH. This can be achieved by conjugating GSH with specific molecules 
to form GS-X conjugates via Michael addition reaction, as well as by 
oxidizing GSH using metal ions, such as Fe3+ [164]. Favorable results 
indicated that Fe3+/Naphthazarin (Nap) NPs underwent 
GSH-responsive disintegration and reduction into Fe2+ and Nap. The 
released Nap disrupted intracellular redox homeostasis by depleting 
GSH, while Fe2+ launched the generation of ROS, resulting in remark
able tumor inhibition [165]. Similarly, Yu’s group reported a Cu2+/GA 
NPs for tumor therapy through both GSH depletion and ROS generation. 
Through GSH-responsive dissociation, GA depleted excess GSH and 
disrupted the intracellular redox balance, leading to a reduction in un
wanted ROS consumption (Fig. 5b). Cu2+ have also been reported to 
exhibit the ability to oxidize GSH, which could further deplete GSH and 
simultaneously generate Cu+, enhancing Fenton catalytic activity [166]. 
Taking into account the elaboration above, the GSH-responsive disso
ciation of MPNs holds significant potential for achieving optimal ther
apy by disrupting intracellular GSH levels and ROS generation.

In another study, the ROS-responsive degradation of MPNs was 
demonstrated in a microenvironment with elevated ROS levels, while 
the MPNs remained intact in a physiological environment. Cu2+/TA NPs 
exhibited a ROS-responsive release pattern. The abundant galloyl groups 
present in TA could modify the SOD to eliminate superoxide anions 
(⋅O2− ). The dynamic changes in the oxidative state of Cu were sensitive 
to H2O2, which mimics CAT by decomposing H2O2 to produce O2 and 
⋅OH. The varying concentrations of ROS resulted in dynamic changes in 
the morphology of Cu2+/TA NPs, transitioning from a blurred spherical 
shape to complete disappearance (Fig. 5c) [167]. In summary, the 
ROS-responsive degradation of MPNs maintained a balance between 
oxidation and antioxidation through the release of metal ions and 
polyphenols in response to stimuli.

Light (NIR/UV) driven directional motion is another aspect of the 
programmable nature of MPNs, which enhances their versatility in cargo 
loading. Frank Caruso and his colleagues reported on MPN (Zn2+/ellagic 
acid) microswimmers capable of swimming toward an external UV light 
source. The activated motion was generated through the conformational 
transformation of the phenolic ligands upon illumination, resulting in a 
significant twist in the planar molecule that propelled the particles 
forward. The UV-induced motion exhibited rapid and sustained positive 
phototaxis, with both the direction and speed of movement being highly 
regulated (Fig. 5d) [168]. In another report, the motion of NIR-driven 
microrobots was attributed to the temperature gradient and fluid dis
tribution. The effective motion control increased the likelihood of par
ticles encountering radicals in the solution, thereby enhancing 
antioxidative performance [169]. Accordingly, the light-driven micro
robots offer a synthesis strategy for developing MPN-based, light-
navigated microrobots for future medical treatments.

Summary, the various responses of MPNs induce structural and 
performance modifications that enable adaptation to complex environ
mental variations, thereby enhancing their practicality and feasibility in 
the biomedical domain.

4. MPN-mediated cell regulation

In this section, we describe the regulation of bone repair-related cells 
(macrophages, osteoblasts, and VECs) within the context of MPN 
interface-mediated bone regeneration.

4.1. Macrophage

The immune response is a crucial factor in determining the fate of 
implanted materials, with macrophages playing a significant role in 
immunoregulation. It is a novel concept to design MPN interfaces with 
immunomodulatory functions aimed at regulating the immune inflam
matory response and establishing a beneficial bone immune 

microenvironment through the modulation of macrophage polarization. 
MPNs possess the capability to inhibit the activation of the M1, promote 
the activation of M2, and facilitate the transition of phenotype from M1 
to M2 (Fig. 6a).

The most distinctive characteristic of polyphenols is the presence of 
catechol or pyrogallol groups attached to the benzene rings. The dona
tion of hydrogen atoms and the transfer of electrons and protons from 
catechol or pyrogallol groups initiated the termination of the oxidation 
chain reaction [170]. Metal ions (e.g., Cu2+, Mg2+, Sr2+, and Zn2+) can 
modulate physiological and pathological immune responses, influencing 
macrophage polarization [171]. Accordingly, MPNs can be customized 
to modulate intracellular or microenvironmental levels of ROS, thereby 
demonstrating significant anti-inflammatory capabilities by inhibiting 
M1 polarization and promoting M2 polarization. According to Deng’s 
group, a glucose-primed orthopedic implant was coated with Cu2+ and 
polydopamine (PDA). This coating dissociated in the low pH environ
ment characteristic of diabetic infections and demonstrated significant 
efficacy in combating ROS. RNA sequencing analysis revealed that M1 
activation-related pathways (e.g., MAPK, IL-17, TNF-α, and NF-ĸB 
signaling pathways) were downregulated by the suppression of the 
glycolysis pathway. In contrast, M2 polarization was significantly 
enhanced through the upregulation of fatty acid oxidation and oxidative 
phosphorylation [172]. Similarly, another report indicated that 
Mg2+/TA was incorporated into a filler through a blending electro
spinning process, demonstrating sustained release behavior via 
pH-responsive mechanisms to scavenge ROS, thereby creating an 
anti-inflammatory environment. The results demonstrated that the 
proportion of CD206+ macrophages increased, while the proportion of 
iNOS+ macrophages decreased. It is worth noting that an 
anti-inflammatory microenvironment is positively correlated with a 
higher concentration of loaded Mg2+ within the physiological dose 
range [142]. Besides, our group developed a MPN (Sr2+/TA) coating for 
titanium implants. TA inhibited M1 polarization mainly due to its ability 
to scavenge ROS, while Sr2+ simultaneously promoted M2 polarization 
[173]. Similarly, Shin’s group reported a gelatin cryogel loaded with 
MPNs, which were released in a sustained manner. The results revealed 
that the fraction of CD206+ cells was restored, while the percentage of 
CD206− /iNOS+ cells significantly decreased [174]. ROS was a crucial 
factor in inducing M1 activation and inhibiting M2. MPNs can compete 
with ROS to alleviate oxidative stress in the microenvironment, pro
moting M2 polarization and inhibiting M1 activity.

In another perspective, the dynamic transition from M1 to M2 
macrophages plays a crucial role in regulating the inflammatory 
microenvironment. In an inflammatory state, macrophages release in
flammatory mediators to eliminate pathogens and necrotic cells. 
Macrophage transition into a reparative state and release factors, such as 
VEGF, that promote tissue repair, thereby accelerating the healing 
process once inflammation subside. In recent years, MPNs have been 
integrated into biomaterials, effectively modulating the transition from 
M1 to M2 macrophages and enhancing the pro-healing properties of 
these materials. The Cu2+/TA nanozyme is an antioxidative cascade 
MPN nanozyme that possesses multiple ROS scavenging capabilities. 
Accordingly, Xu et al. constructed a Cu2+/TA nanozyme hydrogel sys
tem to facilitate the transformation of M1 to M2 by regulating the nu
clear factor erythroid 2-related factor 2/nuclear factor kappa-light- 
chain-enhancer of activated B cells (Nrf2/NF-κB) pathway (Fig. 6b) 
[79]. Besides, Zhang’s group reported a cellulose acetate membrane 
modified with MPNs (protocatechualdehyde (PCA)/Zn2+/Mg2+/Cu2+) 
to facilitate the transition from M1 to M2 macrophages, thereby creating 
a favorable osteoimmune microenvironment. The results demonstrated 
that the expression of pro-healing genes, including IL-10, TGF-β, BMP-2 
and VEGF, has dramatically increased, while the expression of M2 
phenotype markers CD163 and CD206 has also significantly increased 
[175]. In addition, a biomimetic cancellous bone scaffold was infused 
with Mg2+/tea polyphenol nanoclusters. As a controlled-release agent, 
Mg2+ and tea polyphenols could regulate the polarization of M1 toward 
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Fig. 6. MPN biointerace-mediated cell regulation of macrophages, osteoblasts, and VECs. (a) Regulation of macrophage polarization by MPNs. Reproduced 
with permission from Ref. [79]. Copyright 2023 ACS Nano. (b) Regulation mechanisms of macrophage polarization by MPNs. (c) Promoting osteoblasts differen
tiation and inhibiting osteoclasts differentiation. Reproduced with permission from Ref. [177]. Copyright 2023 Biomaterials. (d) Regulation mechanisms of osteo
blasts promotion and osteoclasts inhibition. (e) Promotion of VECs migration. Reproduced with permission from Ref. [182]. Copyright 2024 Adv Healthcare Mater. 
(f) Regulation mechanisms of promoting VECs angiogenesis.
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M2, promote the expression of anti-inflammatory factors such as CD206, 
IL-10, and VEGF, and inhibit the expression levels of pro-inflammatory 
factors like IL-1β, iNOS, and TNF-α. This modulation supports the 
healing of infected bone defects in a severe inflammatory environment 
[176]. Accordingly, MPNs offer a promising platform for the smooth 
reprogramming of macrophages from the M1 to M2 phenotype, facili
tating immunoregulation and fostering a favorable bone immune 
microenvironment.

In summary, the regulation of macrophage polarization mediated by 
MPNs primarily involves the inhibition of M1, the promotion of M2, and 
the dynamic transition from M1 to M2. The mechanisms underlying the 
aforementioned behaviors involve the MAPK and Nrf2/NF-ĸB signaling 
pathways.

4.2. Osteoblast

The regulation of the balance between osteogenesis and osteoclas
togenesis is crucial for bone regeneration. MPNs have the capacity to 
enhance the osteogenesis of osteoblasts and secrete bone matrix, facil
itating the repair of bone defects. At the same time, previous studies 
have reported that inhibiting osteoclast differentiation reduces bone 
matrix loss (Fig. 6c).

The biologically multifunctional metal ions (e.g., Ga3+, Zn2+, Mg2+, 
Sr2+, and Cu2+), which are composed of MPNs, are not only integral to 
bone tissue but also play a crucial role in osteogenic activities through 
various signaling pathways. The osteoinductive effects of polyphenols 
are considered crucial. Some studies suggest that polyphenols may 
contribute to osteogenesis by chelating mineral ions at the regeneration 
site and promoting cell adhesion, spreading, proliferation, and differ
entiation due to their high content of catechol or pyrogallol groups. 
Polyphenols can inhibit the receptor activator for nuclear factor-ĸ/re
ceptor activator of nuclear factor kappa-B ligand/osteoporogeterin 
(RANK/RANKL/OPG) pathway by eliminating ROS and downregulating 
the maturation of osteoclasts. Accordingly, the regulation of osteogenic 
potential and osteoclast activity is aligned with the interaction of metal 
ions and polyphenols. The primary effect of Ga3+ is to inhibit bone 
resorption while promoting bone mineralization. Xu et al. reported the 
fabrication of an MPN (Ga3+/TA) coating on implants. The Ga3+/TA 
coating facilitated the sustained release of Ga3+ in situ, thereby partially 
mitigating the side effects associated with systemic administration. TA 
not only enhanced the fixation of biomacromolecules on substrate sur
faces through noncovalent (e.g., electrostatic interactions, hydrogen 
bonds) and covalent (e.g., Schiff base reactions) reactions, but also 
reduced the loss of calcium ions through chelation. The results demon
strated that the Ga3+/TA coating upregulated the mRNA expression of 
osteogenic differentiation-related markers (e.g., RUNX2, ALP, COL I, and 
OCN) of MC3T3-E1 cells during the early stage and promoted the 
secretion of key proteins essential for osteogenesis (e.g., OCN and OPN) 
in the later stage. The mRNA expression of markers related to osteoclast 
activity (e.g., c-Fos, NFATC1, CTSK, and TRAP) was reduced [177]. Zn2+

activates the cyclic adenosine monophosphate-protein kinase A 
(cAMP-PKA) pathway, leading to MAPK phosphorylation and promoting 
osteogenesis. Zn2+ also plays a crucial role in the transduction of 
transforming growth factor-β/small mother against decapentaplegic 
(TGF-β/Smad) signaling, contributing to various functions related to 
osteogenesis and tissue mineralization. Accordingly, Zhang’s group 
designed a cellulose acetate membrane modified with Zn2+/PDA to 
preserve the osteogenic potential of the PDLSCs following H2O2 treat
ment [175]. Mg2+ is recognized for their role in osteogenesis by acti
vating HIF-2α and Wnt/β-catenin signaling pathways in stem cells. This 
activation leads to an increased expression of osteogenic markers and 
promotes mineralization. Previous studies have revealed that the sus
tained and controlled release of Mg2+ from MPN NPs activated stem 
cells, increased mineralization, and promoted ALP activities, thereby 
exhibiting significant bone-enhancing effects [174,176]. Similarly, Gao 
and co-workers reported a nanofibrous composite made of Mg2+ and TA 

to enhance the adhesion, proliferation, and osteogenic differentiation of 
BMSCs by upregulating integrin α5β1 expression (Fig. 6d) [142]. 
Numerous studies have demonstrated the influence of Sr2+ in acceler
ating osteogenesis and enhancing osseointegration [178]. The mecha
nisms involved include the activation of wingless-related integration 
site/β-catenin (Wnt/β-catenin) [179], calcium-sensing receptor/phos
phatidylinositide 3-kinase/protein kinase B (CaSR/PI3K/AKT) [180], 
and nuclear factor-activated T cells/musculoaponeurotic fibrosarcoma 
(NFATc/Maf) [181] pathways, of all which contribute to the bone 
anabolism in the initial stages. Sr2+ can reduce the formation of osteo
clast and the expression of genes related to osteoclastogenesis. Accord
ingly, our group reported a surface modification strategy using MPN 
(Sr2+/TA). The Sr2+/TA modification significantly enhanced the 
recruitment and mobilization of endogenous stem cells through the 
activation of the stromal cell-derived factor-1α/Cys-X-Cys chemokine 
receptor 4 (SCDF-1α/CXCR4) signaling pathway, thereby promoting 
mineralization and late-stage osteogenesis [173]. Similarly, Liu et al. 
developed a Sr2+/EGCG modification on a biomimetic scaffold 
composed of extracellular matrix (ECM) and hydroxyapatite nanowires 
(nHAW). The Sr2+/EGCG modification induced osteogenic differentia
tion in stem cells and upregulated the expression of osteogenesis-related 
genes, such as RUNX2, COL1a1, and SPP1 [182]. As an 
osteogenesis-inducing factor, Cu2+-based MPNs (Cu2+/PDA) were 
modified on a glucose-primed orthopedic implant. The 
osteogenesis-promoting properties of PDA and Cu2+ facilitated the 
osteogenic differentiation of osteoblasts within a diabetic infectious 
microenvironment [172].

Overall, the diversity of metal ions offers greater potential for acti
vating multiple osteogenesis-related signaling pathways while simulta
neously inhibiting osteoclast-related signaling pathways. The regulation 
of MPNs for osteogenic enhancement primarily relied on the biological 
functions of metal ions, while polyphenols serve a supportive role.

4.3. Vascular endothelial cell

Angiogenesis is recognized as a prerequisite for successful osteo
genesis. MPNs have a pronounced influence on enhancing vasculariza
tion. The corresponding mechanisms can be delineated as the direct 
upregulation of vascular-related gene expression, which leads to 
increased vascularization (Fig. 6e).

Bioactive metal ions (e.g., Mg2+, Sr2+, Cu2+, and Zn2+) play a crucial 
role in promoting angiogenesis. Mg2+ is known to upregulate the 
expression of VEGF by stimulating HIF-2α in BMSCs. Additionally, 
elevated levels of Mg2+ rendered HUVECs more sensitive toward 
motogenic factors. According to a recent study, researchers reported a 
gelatin cryogel incorporated with MPN (Mg2+/TA) NPs. The prolifera
tion, migration, tube formation, expression of angiogenic genes, and 
angiogenic properties of HUVECs were significantly enhanced by Mg2+

[174]. Sr2+ has been reported to exhibit notable efficacy in promoting 
the formation of blood vessels. Xiao et al. reported on a 3D-printed 
scaffold coated with MPNs (Sr2+/EGCG). The controlled release of 
Si2+ enhanced the formation of tubular structured cells, as indicated by 
the nodes (primary stage of angiogenesis), meshes (middle stage of 
angiogenesis), total mesh area, and total tube length. This enhancement 
exhibited a concentration-dependent relationship with Si2+ through the 
HIF-1α signaling pathway (Fig. 6f) [149]. Similarly, Liu et al. developed 
a biomimetic scaffold modified with Sr2+ and EGCG. With the release of 
Sr2+, the recruitment and migratory capacity of HUVECs and vascular
ization were enhanced [182]. In another report, Xiao’s group described 
a multifunctional nanoplatform that incorporated Cu2+ and EGCG to 
stimulate HUVECs to generate more junctions and meshes, thereby 
promoting angiogenesis and accelerating periodontal tissue repair 
[183]. Huang’s group reported a Zn2+/EGCG coating applied to the ti
tanium surface to enhance the migration of endothelial cells, increase 
the branch length, branch number, and node number of HUVECs, 
thereby promoting vascularized osseointegration [184].
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Accordingly, the mechanisms by which MPNs promote vasculariza
tion mainly involve the enhancement of VEGF expression through the 
activation of HIF-1α signaling pathways via metal ions.

5. Application of MPNs in bone regeneration

Combining with metal ions and phenolic compounds, their dynamic 
interactions provide MPNs with synergistic advantages and properties 
that are specifically tailored to meet the requirements of the bone defect 
microenvironment. Polyphenols contain multiple phenolic hydroxyl 
groups, which confer antioxidant and anti-inflammatory properties. 
Specific metal ions have been reported to be beneficial for osteogenesis, 
angiogenesis, and immunomodulation. MPNs with various material 
morphologies, including coatings, NPs, and scaffolds, are extensively 
utilized in the field of bone regeneration. Compared to other material 
synthesis technologies, such as carbon dots [185], graphene [186], and 
metal-organic frameworks [187], MPNs exhibit superior adaptability 
due to their ability to in situ self-assemble on various substrates, 
demonstrate responsiveness to external stimuli, and offer a relatively 
simple, environmentally friendly fabrication process with tunable sta
bility through the selection of different metal ions or polyphenol mol
ecules. In contrast, other two-dimensional (2D) materials often involve 
intricate preparation processes, high energy consumption, limited 
biocompatibility, and minimal tunability in stability [188]. The as
sembly conditions of MPNs significantly influence their suitability for 
biomedical applications. For instance, metal ions and polyphenols can 
be introduced into an aqueous solution and assembled rapidly at room 
temperature, eliminating the need for specialized solvents and equip
ment typically required for hydrothermal reactions [151]. Therefore, it 
also establishes the necessary conditions for doped biologically active 
molecular substances to retain their biological activity during the as
sembly process. In this section, we discuss the primary applications of 
MPNs in three scenarios: the inhibition of inflammatory bone loss, the 
regeneration of critical-size bone defects, and the integration of 
implant-bone interfaces (see Table 1). The recent advancements in 
research regarding the applications of MPNs for bone regeneration in the 
aforementioned scenarios are detailed below.

5.1. Inflammatory bone loss inhibition

Periodontitis is an inflammatory disease that is initiated by oral 
microbiota plaque and exacerbated by the host’s immune defenses. 
Periodontitis leads to the progressive and irreversible destruction of the 
supporting alveolar bone, ultimately resulting to tooth loss [189]. 
Supragingival and subgingival scaling are the primary clinical treat
ments for periodontitis, effectively controlling the progression of the 
tissue destruction, although they do not restore lost alveolar bone [190]. 
Currently, research into advanced NPs for immunomodulation, peri
odontal regeneration, and revascularization is an emerging trend [191,
192]. Given their antioxidant, anti-inflammatory, and osteogenic 
properties, MPNs have been extensively explored for periodontal tissue 
regeneration. Accordingly, this section summarizes recent advances in 
the application of MPNs for periodontal tissue regeneration. In the 
treatment of periodontal tissue regeneration, MPN NPs and MPN coat
ings are commonly used assembly forms. MPN NPs can be adhered to 
hydrogels, fibrin, or cells for targeted delivery and can also be utilized 
for drug loading. Additionally, MPN coating can be applied to modify 
polylactic acid membranes for the regeneration of periodontal bone 
tissue.

The excessive accumulation of ROS and matrix metalloproteinase 
(MMP) complicates the management of the intricate periodontal 
microenvironment. According to Xu et al., they developed a hydrogel 
system incorporating triglycerol monostearate/2,6-di-tert-butyl-4- 
methylphenol (TM/BHT) and MPN (Cu2+/TA) nanozyme. The Cu2+/ 
TA nanozyme can be released in response to MMP activity in the in
flammatory microenvironment. The released Cu2+/TA nanozyme 

contributed to the elimination of biofilms, the scavenging of multiple 
ROS, the modulation of macrophages from the M1 to M2 phenotype, and 
the promotion of osteogenic gene expression, thereby accelerating tissue 
regeneration in periodontitis [79]. Besides, MPNs can be loaded with 
bioactive molecules or drugs for localized delivery, enhancing drug 
utilization. Liu’s group reported a silk fibroin/gelatin patch designed for 
use in diabetic periodontal regeneration. Due to its wide spread adhe
sion properties, Zn2+/PDA can be combined with silk fibroin, allowing 
for the loading of metformin for localized delivery. Accordingly, met
formin endowed the patch with antiaging properties and the ability to 
activate M2 polarization. PDA enhances the reconstruction of the peri
odontal ligament through cell affinity. And Zn2+ promoted bone 
regeneration [193]. Similarly, Zhou et al. reported a multifunctional 
MPN (Sr2+/TA) composite loaded with BMP-2. The MPNs demonstrated 
remarkable antibacterial and antioxidant properties, while BMP-2 
facilitated the osteogenic differentiation of BMSCs under inflammatory 
conditions and significantly prevented inflammatory bone loss (Fig. 7) 
[194]. In addition, MPNs could confer the inert interfaces with mimetic 
bioactivity. Current guided tissue regeneration barrier membranes lack 
the bioactivity necessary to regulate the bone repairing process. 
Accordingly, our group proposed a biomimetic strategy for bone tissue 
engineering that incorporates bioactive MPNs (TA/Cu2+) into porous 
polylactic acid membranes. The modification of the MPN nanointerface 
has the potential to regulate cellular physiology in a manner that pro
motes bone regeneration. This includes alleviating the pro-inflammatory 
polarization of BMDMs, inducing angiogenesis in HUVECs, and 
enhancing the attachment, migration and osteogenic differentiation of 
hPDLSCs. Collectively, these effects contribute to the regeneration of 
periodontal bone defects [195]. Besides porous polylactic acid mem
branes, MPNs can wrap around metal NPs due to their strong affinity, 
demonstrating potential as free-standing antioxidant films. For example, 
as reported by Zhou’s group, the MPN (Fe3+/procyanidin) coating could 
confer anti-inflammatory activity to the surface of branched AuAg NPs, 
thereby alleviating the significant damage caused by the photothermal 
effects of these NPs. Accordingly, the collaboration between MPN’s 
protective therapy and AuAg’s photothermal therapy presents a novel 
and promising strategy for treating periodontitis [196]. In a recent 
study, Guo’s group introduced MPN (Fe3+/TA) nanocomplexes loaded 
with the immunosuppressant rapamycin (RAPA). The RAPA-based MPN 
nanocomplexes could be assembled on Treg cells to facilitate the in situ 
release of RAPA, thereby maintaining the anti-inflammatory phenotype 
of regulatory T cells. This approach also guided a pro-resolving polari
zation of macrophages, enhanced osteogenic differentiation of BMSCs in 
the periodontal inflammatory milieu, and promoted the repair of hard 
tissue (alveolar bone) in vivo. This study cleverly linked T cell-based 
MPN therapy to the treatment of periodontal inflammation [197].

Besides inflammatory bone loss caused by periodontitis, arthritis is 
another significant manifestation of disease that lacks the ability for self- 
regeneration. Osteoarthritis (OA) is a chronic and degenerative disease 
that presents limited clinical options for effective management, 
contributing significantly to physical disabilities worldwide [198]. 
Conventional therapies are often insufficiently tailored to function 
effectively within the complex bone microenvironment [199,200]. 
Recent studies have explored the use of MPNs to promote cellular ho
meostasis and enhance bone regeneration. This section primarily de
scribes the efforts of MPNs in the treatment of osteoarthritis. In the 
application of MPNs for the treatment of osteoarthritis, MPN nano
particles and microspheres can be utilized for drug delivery and 
inflammation regulation.

The catechol groups of polyphenols can chelate metal ions through 
metal coordination bonds, allowing for the regulation and controlled 
release of these ions, which play a role in tissue repair. Accordingly, Li 
et al. fabricated a MoS2-based nanozyme through a stepwise modifica
tion of Mg2+-doped polydopamine. With the on-demand release of 
Mg2+, the MAPK signaling pathway was enhanced, allowing BMSCs to 
differentiate into chondrocytes. Mg2+ can also upregulate the expression 
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Table 1 
MPNs applications for immunomodulation, osteogenesis, and vascularization in bone regeneration.

Bone defect type Applications MPN modality Substrate Cell regulation mechanism Reference

Inflammatory bone 
loss

Periodontitis Cu2+/TA nanosheets TM/BHT hydrogel Macrophages were polarized from M1 to M2 through Nrf2/NF-κВ 
pathway. The expression of COL-1 and OCN in MC3T3-E1 was up- 
regulated.

[79]

​ Zn2+/PDA 
nanoparticles

Silk fibroin/gelatin/ 
Met patch

ROS was scavenged and M1 polarization was suppressed, leading to the 
upregulation of COL-1 and OCN expression in hPDLSCs. Additionally, the 
hPDLSCs osteogenic differentiation was promoted by Zn2+.

[193]

​ Sr2+/TA coating Au/BMP-2 
nanoparticles

The reduction of iNOS and oxidative stress in BMSCs promoted the 
osteogenic differentiation of BMSCs under inflammatory conditions.

[194]

​ Cu2+/TA coating PLAM Cu2+ mediated the migration and osteogenic differentiation of hPDLSCs 
through Erk1/2 and HIF-1α pathways and chemokine receptor Rnd3. The 
proinflammatory polarization of BMDMs was inhibited by regulating of 
macrophage TLR4 signaling pathway.

[195]

​ Fe3+/PC coating Branched AuAg 
nanoparticles

The antioxidation and anti-inflammation of macrophages were inhibited 
by regulating the PI3K/Akt/Nrf2/NF-κB signaling pathway.

[196]

​ Fe3+/TA 
nanocomplexes

Treg cells The percentage of CD25+Foxp3+ Tregs was increased. M2 polarization 
was promoted by Tregs- released IL-10 and TGF-β. BMSC osteogenesis was 
promoted via reversing the inhibited autophagy activity by Treg-derived 
TGF-β1.

[197]

Osteoarthritis Mg2+/PDA coating MoS2/PSB nanozyme Mg/PDA coating could eliminate ROS/RNS, restrain the activation of NF- 
κB, and inhibit the block effect of Traf1 on Sox9 and expression of MMP- 
13, TNF-α, and IL-6 in macrophages. BMSCs could differentiate into 
chondrocytes through MAPK signaling pathway.

[201]

​ Mg2+/DA 
microspheres

MDGM-Ps hydrogel 
microspheres

The directed cartilage differentiation of stem cells was induced by PI3K/ 
AKT/HIF-1α pathway. The recruitment, migration, and chemotaxis of 
stem cells were enhanced.

[202]

​ Ce4+/EGCG 
nanoparticles

Membrane-EC 
nanoparticles

Reducing proinflammatory factors (iNOS and IL-1β) levels, promoting the 
anti-inflammatory phenotype conversion of macrophages, improving their 
inflammatory microenvironment, cartilage destruction, and bone erosion.

[203]

​ Mn2+/GA 
nanoparticles

Gelatin hydrogels The expression of MMP13, IL-1β, and TNF-α were reduced in chondrocytes 
while COL2 level-associated with ECM synthesis and cartilage anabolism 
was significantly enhanced.

[204]

​ Sr2+/TA 
microspheres

Nanofibrous 
microspheres

Antiapoptotic and antioxidant pathways were stimulated by scavenging 
hydroxyl radicals. The expression of TNF-α and IL-1β in chondrocytes was 
inhibited. The apoptosis of chondrocytes was reduced. OPG/RANKL ratios 
were enhanced.

[205]

Critical bone defect Crania Fe3O4/TA 
nanoparticles

Silk fibroin hydrogel mRNA and protein expression of OPN and OCN in BMSCs was increased via 
the cGMP/PKG/ERK pathway.

[206]

​ Zn2+/PCA coating Cellulose acetate 
membrane

M2-to-M2 transition was efficiently promoted. Osteogenesis 
differentiation of PDLSCs was enhanced via cAMP-PKA and TGF-β/Smad 
signaling pathways.

[175]

​ Zn2+/TA 
nanoparticles

PCL nanofibers Intracellular ROS scavenging capability was upregulated at the continuous 
release of Zn2+ and TA, reducing the probability of apoptosis. The 
osteogenesis differentiation of BMSCs was upregulated and osteoclastic 
related genes (TRAP, CTSK, RANKL, and MMP-9) was downregulated.

[207]

​ Sr2+/EGCG 
nanoparticles

ECM/nHAW/PDA 
scaffolds

Intracellular ROS in BMSCs was effectively eliminated, and reduced 
apoptosis. Osteogenic activity of BMSCs was enhanced by promoting the 
secretion of angiogenic cytokines of Sr2+.

[182]

​ Ag+/PDA 
nanoparticles

PVA hydrogel Osteogenic differentiation of BMSCs was promoted by a favorable 
microenvironment induced by PDA. Ca2+ was enriched to provide nuclear 
sites for HAP formation by PDA.

[208]

​ Mg2+/TA coating BP nanosheets Macrophages were polarized towards M2. The release of TA and Mg2+

effectively improve the expression of VEGF and HIF-1α in HUVECs, and 
increase the expression of ALP, OPN, and COL-1 in BMSCs.

[209]

​ Mg2+/tea polyphenol 
nanoparticles

α/β TCP scaffold Osteoblast differentiation and expression of OCN OPN, and RUNX2 were 
enhanced by Mg2+. Immune microenvironment was regulated by active 
phenolic hydroxyl groups and Mg2+.

[176]

​ Sr2+/TA 
nanoparticles

Biomimetic bone 
lamellae

The osteogenesis of osteoporotic BMSCs was promoted via PI3K/AKT 
signaling pathway. Angiogenesis ability was promoted by ERK. The 
differentiation of osteoclast precursors was inhibited by NF-κB signaling 
pathway.

[210]

​ Mg2+/TA 
nanoparticles

Gelatin cryogel The Gelatin cryogel could inhibit M1 polarization and osteoclast 
differentiation via RANKL-induced pathway, enhance mineralization and 
ALP activities of stem cells by Wnt/β-catenin pathways, and upregulate 
expression of VEGF in HUVECs by HIF-2α pathway.

[174]

Femur Fe3+/DA coating HAp/GelMA 
hydrogel

The hydrogel regulated cellular affinities, proliferation, mineralization, 
osteogenic differentiation, and tissue ingrowth through interfacial nano- 
roughness properties and microstructural complexities of hydrogel 
surface.

[211]

Mandible Sr2+/TA particles PCL nanofibrous 
membranes

The membrane reduced intracellular ROS via PI3K/Akt/NF-κB pathway, 
suppressed anti-inflammatory macrophage polarization, promoted BMSCs 
osteogenic differentiation, and decrease osteoclast activity, and RANKL/ 
OPG ratio.

[212]

Implant 
osseointegration

Femoral 
condyle

Ga3+/TA coatings Ti The MPN-coated Ti implant scavenged intracellular oxyradicals, promoted 
the proliferation of MC3T3-E1 cells, upregulated the expression of RUNX2, 

[177]

(continued on next page)
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of heat shock protein 70 (HSP70), which has the potential to promote 
the growth and proliferation of chondrocytes [201]. In addition, MPNs 
can serve as carriers for bioactive macromolecules. According to Peng’s 
group, MPN (Mg2+/DA) loaded with platelet-derived growth factor-BB 
(PDGF-BB) was incorporated into hydrogel microspheres. Both 
PDGF-BB and Mg2+ were released at optimal concentrations. PDGF-BB 
recruited endogenous stem cells, while Mg2+ enhanced cartilage ma
trix synthesis by upregulating the expression of hypoxia-inducible factor 

1-alpha (HIF-1α) and directing stem cell differentiation towards chon
drogenesis [202]. In addition, given their robust antioxidant and 
anti-inflammatory activities, MPNs could self-assemble into NPs to 
diminish ROS and inflammatory cytokines. According to Zhao’s group, 
they fabricated a MPN (Ce4+/EGCG) NPs that was camouflaged with a 
macrophage cell membrane to evade phagocytic clearance by macro
phages and promote accumulation in activated inflammatory cells. The 
results demonstrated that the Ce4+/EGCG NPs could reduce 

Table 1 (continued )

Bone defect type Applications MPN modality Substrate Cell regulation mechanism Reference

ALP, COL I, and OCN in MC3T3-E1 cells, and decreased the expression of c- 
Fos, NFATC1, CTSK, and TRAP in RAW264.7 cells.

​ Sr2+/TA coatings Ti The Sr2+/TA coated implants promoted recruitment and mobilization of 
endogenous stem cells via SCDF-1α/CXCR4 pathway, augmented 
osseointegration via Wnt/β-catenin, CaSR/PI3K/AKT, and NFATc/Maf 
pathways, and suppressed osteoclast differentiation via RANK/RNAKL/ 
OPG pathway.

[173]

​ Sr2+/EGCG 
nanoparticles

Prussian blue 
nanomaterials/Ti

The MPN-modified Ti implants inhibited intracellular ROS, induced 
convert from M1 to M2, and enhanced the osteogenic differentiation of 
MSCs with the high expression of COL I, ALP, and OCN.

[214]

​ Fe3+/PC coating c (RGDfc) coating/Ti The MPNs effectively enhanced the antioxidant and free radical 
scavenging capacity, and promoted the expression of COL I, Cyclin D1, and 
Vinculin in MC3T3-E1 cells.

[215]

​ Zn2+/TA coating ABL/Ti Scavenge the cellular ROS accumulation, and induce M2 polarization. [216]
​ Cu2+/TA 

nanopainting
Ti The MAPK, cytokine-cytokine receptor interaction, NF-κB signaling 

pathways were activated in macrophages.
[218]

​ Sr2+/TA coating PEEK The implant could enhance the integrity and thickness of bone-like layers 
and new bone formation ability by dual reinforcement of a porous surface 
structure and the presence of Sr2+.

[219]

​ Cu2+/PDA 
nanoparticles

PEEK/Gox surface The modified PEEK could enhance osteogenic differentiation of BMSCs, 
promote calcium nodule formation, down-regulate expression of MAPK, 
IL-17, TNF and NF-κB pathway in M1, and up-regulate oxidative stress- 
related peroxisome and glutathione metabolism to fight ROS.

[172]

​ ZnO/PDA 
nanoparticles

EDN1 coatings/PEEK The coated PAEK implant could promote adhesion, proliferation, and 
osteo-differentiation of BMSCs through protein absorption by pyrogallol 
groups and elevate expression of HIF-1α and VEGF in HUVECs.

[220]

​ Fe3+/THPZB coating Hydrogel coating/ 
PAEK

The hydrogel coated PAEK could enhance MC3T3-E1 cells adhesion, 
proliferation, and osteogenic ability and HUVECs adhesion and migration, 
and activate the expression of VEGF and FGF. Inhibit the expression of 
CTSK, MMP-9, NFATC-2, and TRAP.

[221]

Proximal tibia Fe3+/TA coating HAp scaffold/TA The scaffold could enhance the expression of OPN, OCN, COL1a2, and 
RUNX2 in MC3T3-E1, and elevate the expressions of ALP, RUNX2, OCN, 
and COL-I in BMSCs.

[217]

Fig. 7. Fabrication of MPN composites loaded with BMP-2 and its application in treating periodontitis. Reproduced with permission from Ref. [194]. 
Copyright 2024 ACS Appl. Mater. Interfaces.
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inflammation and alter the phenotypes of macrophage cells [203]. Be
sides, due to the Schiff base reaction, MPNs can be utilized as a bioactive 
ingredient that is cross-linked with molecular chains (e.g., gelatin). Ac
cording to Qian’s group, they developed a nanocomposite hydrogel by 
incorporating with MPN (Mn2+/polygallate) through a cross-linking 
reaction. The synthesized hydrogel has the potential to protect carti
lage by mitigating intra-articular ROS [204]. Furthermore, MPNs could 
serve as a platform to provide specific surface functional groups on 
materials, facilitating reversible interactions with various types of pro
teins and cells, thereby enhancing the bioactivity of these materials. 
Accordingly, Mo’s group reported a surface modification barrier of 
MPNs (Sr2+/TA) on nanofiber microspheres. TA exhibited beneficial 
effects in protecting cartilage under OA conditions. Sr2+ had a positive 
intervention on cartilage matrix remodeling [205].

In conclusion, MPNs offer a promising platform for inhibiting in
flammatory reaction and promoting the regeneration of bone loss 
associated with inflammation. With their antioxidant and anti- 
inflammatory abilities, MPNs can self-assemble into NPs to serve a 
therapeutic role locally. Due to their extensive adhesiveness, MPNs can 
bind to a variety of biological macromolecules or the surfaces of scaffold 
materials, thereby enhancing interfacial activity to modulate cellular 
behaviors. Metal ions can be released in a controlled and sustained 
manner to optimize their biological activity. MPNs can function as cargo 
carriers to deliver drugs or biomacromolecules locally.

5.2. Critical bone defect regeneration

Critical bone defects resulting from severe trauma, tumor resection, 
or congenital malformations continue to pose a significant clinical 
challenge in orthopedic surgery. At present, the “gold standard” for 
treating critical-size bone defects continues to rely on autologous/allo
geneic bone grafts, as well as artificial bone grafts. Due to donor re
strictions, immune rejection, infections, and other factors, outcomes 
such as uneven scar regeneration, delayed healing, and poor bone 
integration are inevitable. These issues can have a significant impact on 
clinical outcomes. It is essential to regulate the immune response, induce 
sustained osteogenic activity, and promote angiogenesis for the effective 
reconstruction of critical bone defects. Therefore, given their extensive 
modification capabilities and advanced biological functions, MPNs, or 
MPN-modified scaffold materials, have been thoroughly investigated for 
the treatment of critical bone defects. In the treatment of critical bone 
defects, the controlled-release MPN nanoparticles can be incorporated 
into fibrin hydrogels and hydroxyapatite scaffold materials. Addition
ally, MPN coating can be used to modify cellulose acetate membranes, 
PCL membranes, and hydroxyapatite scaffold materials.

The diverse adhesive properties of MPNs impart a range of adhesive 
characteristics to various biomaterials. For example, regenerated silk 
fibroin hydrogel exhibits excellent accessibility, biocompatibility, and 
biodegradability, which contribute to its extensive applications in the 
field of tissue engineering. However, inadequate adhesion at solid-state 
interfaces in wet and dynamic biological environments hinders the 
application of traditional silk protein hydrogels for biomedical purposes. 
Zou and colleagues introduced MPNs (Fe3O4/TA) into the silk fibroin 
hydrogel by utilizing the strong adhesive properties of the hydroxyl 
groups of TA to form cross-linked networks. The TA/Fe3O4-modified 
composite hydrogel exhibited significant osteogenic effects on BMSCs 
[206]. Besides, MPNs could modify biomaterials with inherent biolog
ical activities by creating a favorable immune microenvironment to 
meet the requirements of various clinical scenarios. Xie et al. reported on 
a cellulose acetate membrane modified with MPNs (Zn2+/PCA) to 
enhance bone regeneration by leveraging their immunomodulatory 
properties. The modification of MPNs could enhance the physicochem
ical properties, biocompatibility, and biological functions of cellulose 
acetate membranes, including antioxidation, immunomodulation, and 
pro-osteogenic potential. This enhancement aims to create a favorable 
osteoimmune microenvironment that accelerates the healing process 

[175]. Similarly, Tian’s group reported a MPN (Zn2+/TA) coating 
strategy on poly (ε-caprolactone) (PCL) membrane. With a stable and 
constant release rate maintained for over 30 days, phenolic ligands and 
chelated metal ions significantly enhanced in vivo osteogenesis by 
manipulating a favorable osteoimmune microenvironment [207]. Be
sides, due to their strong antioxidant abilities, MPNs modification could 
serve as an innovative approach to managing ROS levels within the 
microenvironment of bone defects, thereby enhancing bone regenera
tion therapy. According to Zheng’s group, they reported on MPNs 
(Sr2+/EGCG) coated scaffolds based on ECM and nHAW. The composite 
MPN-based scaffolds enhanced the differentiation potential of BMSCs in 
vitro and resulted in significant regenerative outcomes in rat cranial 
defects by improving the local microenvironment [182]. Furthermore, 
hydroxyapatite (HAP) is primarily a complex structure found in bone 
tissue. However, the limited hydroxyl groups on the surface of HAP 
restrict the application of HAP-based composites in bone tissue repair 
and regeneration. Accordingly, Lin et al. reported a chemical modifi
cation of Ag+/TA on the surface of HAP. TA could bind with growth 
factors on the surface of HAP, increasing the overall positive charge of 
the material and thereby enhancing its hydrophilicity. MPN-based HAP 
has the potential to promote cell proliferation and adhesion, thereby 
significantly enhancing the regeneration of bone tissue [208]. In addi
tion to the aforementioned modifications of biopolymer materials, MPN 
can enhance the surface properties of black phosphorus (BP) to improve 
its stability in aqueous environment, particularly in cases where it is 
susceptible to oxidation. Wu et al. reported a MPNs (Mg2+/TA) coating 
chelated on BP to prevent the rapid oxidation of BP nanosheets in 
aqueous environments, while also enhancing the osteogenesis and 
osteo-immunomodulatory properties of BP (Fig. 8) [209]. β-Tricalcium 
phosphate (β-TCP) bioceramics are widely utilized in clinical treatments 
due to their mineralogical structure, which closely resembles that of 
natural bone, as well as their exceptional osteoinductive properties. 
However, ceramic-based scaffolds frequently fall short of meeting anti
microbial requirements. Accordingly, MPNs (Mg2+/tea polyphenols) 
NPs could be incorporated into β-TCP-based biomimetic scaffolds. The 
integrated biomimetic cancellous bone scaffold, designed with osteoin
ductive abilities, antimicrobial properties, and anti-inflammatory ef
fects, was constructed to address infected bone defects [176]. In 
addition, the combined application of bioskiving and a carboxymethyl 
chitosan-stabilized amorphous calcium phosphate (ACP) mineralization 
solution has successfully simulated the nano- and micro-architecture of 
bone lamellae. However, the biomimetic bone lamella did not possess 
multiple bioactivities necessary for effectively repairing osteoporotic 
bone defects while maintaining hierarchical biomimicry. According to 
Yang et al., they doped Sr2+ into biomimetic bone lamellae to boost 
osteoporotic bone regeneration. The high phenolic hydroxyl content of 
TA contributes to its significant and sustained capacity for ROS scav
enging. Accordingly, Sr2+/TA-modified biomimetic bone lamellae 
effectively treated osteoporotic bone defects through hierarchical bio
mimicry, ROS scavenging, and pro-osteogenic effects [210]. In addition, 
HAP nanorods may closely resemble bone apatite in terms of chemical 
composition and nanocrystalline structure. Ion-substituted HAP is bio
mimetic and more effectively promotes matrix maturation and 
osseointegration compared to pristine HAP. Incorporating inorganic 
nanomaterials into an organic matrix may enhance bioactivity 
compared to using singular components in bone tissue engineering. 
Accordingly, Peng’s group synthesized a hydrogel that reacted with 
dopamine to form a catechol-modified hydrogel, which was subse
quently coated onto a FeHAp nanorod through metal-catechol coordi
nation. Accordingly, the interaction of the MPNs interface enhanced cell 
proliferation, matrix maturation, osteogenic potential, and vascularized 
bone reconstruction compared to unmodified scaffolds [211].

In addition, the controlled release of metal ions is a crucial aspect of 
MPNs. For example, Sr2+, as a trace element in the human body, can 
bind to calcium-sensing receptor (CaSR) receptors on the surfaces of 
osteoblasts or osteoclasts. This binding activates downstream signaling 
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pathways, such as the Wnt signaling pathway and the RANKL/RANK/ 
OPG system, thereby inhibiting bone resorption and promoting osteo
genesis. Accordingly, controlling the release of Sr2+, minimizing the 
initial burst release, and enhancing the release amount during the bone 
remodeling phase would further improve osteogenic efficacy by inhib
iting osteoclastogenesis. Ren and colleagues developed MPNs (Sr2+/TA/ 
EGCG/EGC) into polycaprolactone nanofibrous membranes using a 
blending electrospinning technique. The MPN-modified membranes 
exhibited a sustained release profile of phenolic ligands and Sr2+, which 
directly promotes the osteogenic differentiation of BMSCs [212]. In 
addition, Mg2+ not only exhibits osteogenic effects but also stimulates 

the expression of angiogenic growth factors and promotes immuno
modulatory M2 polarization. However, several limitations must be 
addressed: the rapid corrosion of Mg2+ leads to early clearance, and an 
uncontrolled release of Mg2+ result in limited modulation of macro
phage polarization, ultimately delaying bone healing. Shin et al. pre
pared multifunctional Mg2+/TA NPs within a gelatin cryogel to facilitate 
the sustained release of Mg2+ at the defect site, thereby enhancing bone 
regeneration [174].

In summary, the applications of MPNs in the regeneration of critical 
bone defects have been extensively studied. Benefiting from the exten
sive adhesive properties of polyphenols, MPNs impart unique adhesion 

Fig. 8. Fabrication of MPN-coated BP and its application in critical bone defect regeneration. Reproduced with permission from Ref. [209]. Copyright 2023 
Chem. Eng. J.
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to various materials, thereby expanding the range of applications for 
substrate materials. The modified substrate materials possess various 
bioactivities, such as antioxidant and anti-inflammatory properties, 
which help modulate cellular behavior. MPN coatings can enhance the 
surface hydrophilicity of materials, allowing for better adhesion of 
bioactive substances, such as growth factors. The metal ions released by 
MPNs can exert biological functions over an extended period.

5.3. Implant bone integration

Metal implants are widely utilized in orthopedic surgery, with tita
nium alloy being the most commonly used material in this field. Im
plants can ensure the stability of the fracture ends, promote joint 
formation, and contribute to bone healing. Implant site infections, im
mune rejection, and corrosion of the implant microenvironment can 
lead to implant mobility, looseness, or dislocation, ultimately resulting 
in implant failure. Therefore, designing bioactive modifications for im
plants to regulate the interface between the implant and bone tissue is 
crucial for addressing implant failure [213]. There has been significant 
exploration of MPNs for implant surface modification, owing to the 
synergistic bioactive effects of metal ions and polyphenols. MPN coat
ings on the surfaces of Ti/PEEK/PAEK implants represent a key strategy 
for enhancing implant osseointegration. Furthermore, MPN NPs can 
effectively load drug molecules onto these implants, enabling controlled 
release for inflammation regulation and promoting bone integration.

MPN-based coatings have been applied to the surfaces of titanium 
implants. Two or more galloyl groups from polyphenols can chelate with 
a metal ion to form a MPN network. Galloyl groups can interact with the 
surface of an implant substrate in various ways, including covalent 
bonds, hydrogen bonds, coordination bonds, π-π interactions, and 
cation-π interactions. This versatility enables the development of MPN- 

based coatings on implant substrate surfaces. Zhang et al. reported a 
Ga3+/TA coating on Ti-based implants. The catechol groups of TA are 
converted to quinone groups by ROS. MPNs-based coatings could be 
developed as a promising platform for the elimination of ROS and the 
controlled release of Ga3+. Long-term, low-dose administration of Ga3+

effectively exhibits antibacterial properties, reduces inflammation, 
promotes bone mineralization, and inhibits osteoclastogenesis. 
Accordingly, the Ga3+/TA coating enhanced the implants’ adaptability 
to the complex microenvironments of bone defects [177]. Similarly, 
Sr2+ could enhance the osteogenic differentiation of osteoblasts while 
decreasing the expression of gene related to osteoclastogenesis. 
Accordingly, our group utilized TA and Sr2+ as building blocks to 
develop a multifunctional coating on Ti implants, aiming to enhance 
osseointegration through early immunomodulation. Sr2+/TA coatings 
enhanced osteo-immunomodulation and osseointegration at the 
bone-implant interface (Fig. 9) [173]. Considering the broad adhesive
ness on various substrates, Cai et al. constructed a MPN network 
encapsulated in Prussian blue (PB) NPs which exhibited a high NIR 
absorption capacity and a high photothermal conversion efficiency. This 
design aimed to enhance the adhesion, proliferation, differentiation, and 
osteogenic gene expression of BMSCs. The Sr2+/EGCG/PB NPs were 
anchored to the surface of the titanium implant using a polydopamine 
adhesion layer. The early inflammatory microenvironment at the 
implant site resulted in the degradation of the MPNs. The responsive 
release of EGCG and Sr2+ was able to promote long-term osteogenic 
efficacy for low photothermal therapy [214]. In another context, graft
ing bioactive molecules, such as growth factors and extracellular 
matrix-like proteins, onto implant surfaces to provide essential 
bio-signals for osteointegration has been demonstrated as a potent 
strategy for improving implant osteointegration. However, the fragility 
of these bioactive molecules hinders the effectiveness of this approach. 

Fig. 9. Fabrication of MPN-coated Ti implants and its application in implant bone integration. Reproduced with permission from Ref. [173]. Copyright 2024 
Adv. Sci.
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MPNs could provide versatile substrate modification due to their ad
hesive properties. Accordingly, Chen’s group reported that a peptide 
ring structure increased stability and biocompatibility through MPN 
modification. Through the immobilization of peptides on the MPN 
interface, MPNs significantly enhanced cell viability, migration, and 
adhesion capacity, while also functioning as an intermediate layer with 
notable antioxidant activity [215]. In addition, MPNs could function as 
drug carriers to improve the loading efficiency of modified implant 
surfaces. According to Guo’s group, they constructed a MPN (Zn2+/TA) 
network to enhance loading capacity of abaloparatide (ABL) through 
multiple molecular interactions and facilitate the long-term release of 
ABL over a period exceeding seven days [216]. Due to the bioinert na
ture of the implant surfaces, osseointegration surrounding the implant is 
compromised. Metal ion-modified hydroxyapatite nanorods can 
enhance the wetting behavior of composite scaffolds; however, issues 
such as aggregation and uncontrolled leaching remain limitations. Ac
cording to Pei et al., they introduced the TA to specifically react with 
iron-phenolic interactions. Constructing a suitable interface between 
organic and inorganic materials to create cell-instructive scaffolds 
would boost osteointegration [217]. Infection-induced implant mal
function, or even failure, presents another significant challenge. Jiang’s 
group deposited TA onto a titanium implant through interfacial mo
lecular interactions, followed by interparticle locking facilitated by Cu2+

in MPNs. The MPNs on orthopedic implants rapidly disassembled upon 
the triggering of the acidic niche that induced by the bacterial meta
bolism. The bacteria were eradicated through the ⋅OH produced by the 
Cu2+-mediated Fenton-like reaction [218].

In addition to Ti implant surfaces, polyetheretherketone (PEEK) has 
an elastic modulus similar to that of human cortical bone, making it a 
promising candidate for replacing metallic implants. However, PEEK 
still has several limitations regarding its antimicrobial properties, such 
as the overuse of antibiotics contributing to the development of drug 
resistance and the biological toxicity associated with the use of Ag. 
Therefore, it is essential to develop a dual-functional coating for PEEK 
implants that exhibits both osseointegration and anti-infective proper
ties. Li’s group reported a MPN (Sr2+/TA) modification coating of bone 
implants via layer-by-layer assembly to enhance antibacterial activity in 
a pH-responsive manner and improve osseointegration [219]. Besides, 
diabetes is widely recognized for inducing disorders in bone meta
bolism, such as osteoporosis and alveolar bone resorption, which can 
adversely affect the osseointegration of implants in diabetic patients. In 
order to address the issues of hyperglycemia and excessive inflammation 
at the bone-implant interface in diabetic conditions, Deng and col
leagues developed a modified orthopedic implant utilizing MPNs 
(Cu2+/PDA) to enhance osseointegration in diabetic patients. By 
leveraging the functions of PDA to improve the adhesion and prolifer
ation of osteoblasts on the implant surface, along with the role of copper 
(Cu2+) in providing osteogenesis-inducing factors for osteogenic differ
entiation, the engineered implants significantly enhanced osseointe
gration and facilitated osteogenesis [172]. Besides, 
carbo-fiber-reinforced PEEK (CFRPEEK), achieved by incorporating 
short carbon fibers into PEEK, attains an elastic modulus comparable to 
that of human cortical bone, thereby mitigating complications associ
ated with stress shielding. To enhance the bioinert surface and antimi
crobial activity, zinc oxide NPs are emerging as one of the most 
promising inorganic antimicrobial materials. Jiang et al. reported the 
fabrication of active groups using PDA through PDA-assisted covalent 
immobilization to achieve a uniform distribution of ZnO. The hybrid 
PDA@ZnO NPs exhibit prolonged antibacterial activity while mini
mizing cytotoxic effects, in addition to demonstrating effective antimi
crobial properties [220].

In addition to Ti and PEEK implants, poly (aryl ether ketone) (PAEK) 
also is a novel type of medical implant material that is increasingly being 
used in bone implants due to its exceptional properties. In order to 
expand the potential applications in biomedicine, Jian’s group devel
oped bioactive interfaces based on MPNs (Fe3+/THPZB). The processes 

of biomineralization, angiogenesis, osteogenesis, and osteoclastic ac
tivity were enhanced [221].

In conclusion, the modification of bone implants using MPNs has 
been extensively researched to enhance osseointegration at the implant- 
bone interface. MPN can be applied to the surface of the implant through 
various interactions to provide antibacterial, anti-inflammatory, anti
oxidant, and immunoregulatory functions, thereby transforming inert 
surfaces into biologically active interfaces. The metal ions can be 
released from MPNs in a controlled and sustained manner to promote 
osteogenesis and inhibit osteoclast activity. Polyphenols can promote 
cell adhesion, proliferation, and osteogenic differentiation. MPNs pro
vide implant surfaces with a bioactive interface for the incorporation of 
growth factors or extracellular matrix proteins. MPNs can serve as cargo 
carriers to deliver drugs or biological macromolecules in situ.

6. Conclusions and perspectives

Timely and effective modulation of cell biology has always been 
crucial for bone tissue regeneration. MPNs can effectively integrate the 
biological and physicochemical properties of metal ions and poly
phenols for bone tissue engineering. It employs an innovative, versatile, 
and tailored approach to the development of bone tissue engineering 
materials. Since the initial synthesis of MPNs in 2013, numerous reviews 
have addressed the synthesis methods, physicochemical properties, 
various application forms, and a broad spectrum of biomedical appli
cations. To the best of our knowledge, this review is the first compre
hensive examination of MPNs that encompasses recent research 
advancements in MPN-cell interaction behaviors and their applications 
in bone tissue engineering. This review offers a novel perspective on the 
clinical translation of MPNs in bone regeneration therapy for the future.

MPNs exert a significantly influence on bone regeneration activities 
through various interactions with multiple cell types, positioning them 
as versatile platforms for orchestrating the bone regeneration process. 
The unique structures of polyphenolic molecules, along with the ver
satile functions of metal ions, create material interfaces with distinct 
physicochemical properties—such as anti-inflammatory effects, anti
bacterial activity, pro-healing potential, and the promotion of osteoge
nesis—that can more effectively modulate cell behavior. This review 
offers a comprehensive understanding of the responses of bone 
repairing-associated cells to MPNs, aiming to inform rational material 
design and expanding the range of their potential clinical and biomed
ical applications. The cell types that need to be studied in the future can 
be expanded to T cells, neutrophils, and other cell types.

Although numerous successful applications of MPNs in bone tissue 
engineering have been reported, it is crucial to recognize the various 
challenges and limitations associated with current MPNs assembly and 
application systems that must be addressed and overcome. Natural 
polyphenols have been extensively studied, however, research on syn
thetic polyphenols remains limited. Further exploration of the physi
cochemical properties of polyphenolic substances is essential to expand 
the scope and enhance the functionality of MPNs. Additionally, carefully 
consideration must be given to the concentration and type of metal ions, 
as certain metal ions may exhibit toxicity even at low concentrations. 
Ensuring the biocompatibility of MPNs is a crucial prerequisite for 
facilitating the clinical translation. The potential long-term effects of 
MPNs, particularly concerning implantation materials, should be thor
oughly investigated, as implants may remain in the body for extended 
periods ranging from months to years.

Considering that MPNs can be assembled within seconds in an 
aqueous solution, precisely regulating the rapid assembly kinetics to 
form a uniform and stable film presents a significant challenge. 
Currently, the assembly of MPNs primarily depends on laboratory 
exploration efforts, while the exploration of artificial intelligence and 
deep learning in this field remains underdeveloped. In the future, it is 
anticipated that the integration of MPNs synthesis with computer sim
ulations will enable more efficient screening and prediction of MPNs 
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assembly process. MPNs exhibit a diverse array of interactive forces, 
including both covalent and non-covalent interactions, which contribute 
to their distinctive properties. These interaction networks can be more 
clearly represented and analyzed through computer simulations, 
thereby enhancing our understanding of cellular responses to MPNs and 
enabling the real-time monitoring of the dynamic regenerative processes 
associated with cellular activities.

At present, the process of MPNs clinical conversion is obstacle- 
packed and long. Despite the progress made in the MPNs application 
of bone tissue regeneration, there are still some challenges and 
amelioration. Currently, the components of the MPNs system are 
straightforward, consisting of polyphenols and metal ions. As bioactive 
ingredients have been incorporated into MPNs, efforts to discover novel 
functions in clinical settings should be more diversified. We look for
ward to exploring additional biological entities that can be integrated 
into innovative intelligent MPN systems for diverse therapeutic appli
cations in the future. MPNs present limitless possibilities for exploration, 
meriting the commitment and creativity of researchers. It is crucial that 
medical research involving MPNs draws from prior experiences to pre
vent overstated claims and unnecessary duplication of efforts. This 
approach will ensure meaningful progress and a thorough understand
ing of this novel material system.
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