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ABSTRACT

Large bone defects present major problems in plastic, maxillofacial, and orthopedic reconstructive surgery. With respect to osseous
tissues, currently, autologous and allogeneic bone grafts are commonly used clinical treatments, but there are limitations in terms
of donor availability, morbidity, and risk of immunogenic reactions. Tissue-engineered bone constructs offer promising alternatives
but struggle to replicate the complex biological functions of native bone, leading to suboptimal outcomes. The periosteum has been
shown to be a key factor in bone regeneration and has a bilayered structure that is essential for bone integrity and repair. However,
large bone defects cause damage to the periosteum and weaken its regenerative capacity. Therefore, periosteum organoids have
been developed with the help of new organoid technology to achieve accelerated bone regeneration. This technology incorporates
a variety of natural/synthetic materials and biologically derived factors that can be endowed with key biological functions for
bone regeneration, such as, antimicrobial, immunomodulatory, neuromodulatory, angiogenic, and osteogenic capabilities. This
review explores the structure and function of periosteum, the design and application of periosteum organoids and their potential
integration with bone organoids. In addition, the recent advances and future directions for the use of such organoids in novel
regenerative medicine and bone repair strategies are highlighted.

1 | Introduction

The management of large bone defects, caused by trauma,
tumor resection, or congenital anomalies, poses formidable
challenges to orthopedic and maxillofacial surgeons [1]. A

solution was needed that would meet the complexity of the
clinical situation while restoring the functional integrity and
biomechanical properties of the affected bone [2, 3]. The gold
standard, autologous bone grafting, despite its widespread use, is
constrained by donor site morbidity and limited graft availability
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[4]. Allogeneic bone grafts, while mitigating some of these
issues, introduce risks of immunogenic reactions and disease
transmission [5, 6]. The development of tissue-engineered bone
has been claimed to significantly accelerate the speed and
quality of bone repair. However, this also has severe limitations
in fully replicating the biological and functional complexities
of native bone tissue, often resulting in less than optimal
osseointegration and regeneration outcomes [7-9]. To address
this issue and to reproduce self-assembling and self-renewing
organs in vitro, the use of three dimensional (3D) culture
systems to guide stem cells to form organoids is being proposed
[10].

The periosteum, a dual-layered connective tissue encasing most
bones, is intricately structured with an outer fibrous layer, hous-
ing longitudinally oriented cells and collagen fibers, and an inner
cambial layer, housing multipotent osteogenic stem cells, the so-
called mesenchymal stem cell (MSCs), and derived osteogenic
progenitors [11]. This specialized structure not only regulates
cellular and collagen alignment but is pivotal in bone integrity,
modeling, and remodeling, especially during development and
bone defect repair processes [12]. Recent studies have shown
that the periosteum has immunomodulatory, neuromodulatory,
angiogenic, and osteogenic functions that provide protection,
a stable environment, and nutritional support for damaged
bone to ensure effective bone repair [13]. Bacterial infection is
always a difficult and urgent problem in the treatment of open
trauma. Therefore, in addition to strengthening the natural repair
capacity of the periosteum, special attention and enhancement
of its antimicrobial functions are needed to ensure efficient and
comprehensive bone repair. The integrity of the periosteum is
necessary for the effective formation of new bone at the periosteal
site, and when the periosteum is injured or damaged, it signifi-
cantly hinders the outcome of bone healing [14]. As a result of the
periosteum’s significant contribution to bone repair, large bone
defects often result in substantial periosteal damage, rendering
the natural regenerative capabilities of the periosteum insuffi-
cient [15]. The emergence of periosteum organoid technologies
provides new ideas to solve these challenges. The emergence of
periosteum organoid technology provides an innovative way to
address the challenges of bone regeneration and repair. By mim-
icking the structure and function of the natural periosteum, this
technology constructs in vitro periosteum organoids with a high
degree of physiological similarity, which are capable of reproduc-
ing the complex 3D structural organization and natural functional
properties of the periosteum. This process enables precise regula-
tion of the physiological activities of stem cells on a 3D scaffold
and mimics biochemical signals and mechanical stimuli in the
periosteal microenvironment in vivo. The periosteum organoid
can provide a stable scaffold at the damaged site to guide cell
growth and differentiation, thus promoting effective new bone
formation.

The name “organoid” refers to an organ-like structure and is
derived from the combination of the Greek suffix “oid” and
the word “organ,” [16]. Organoids are self-organizing 3D tissues,
usually derived from stem cells, that attempt to mimic the phys-
iological functions, macroscopic/microstructural, and biological
complexity of specific organs [17]. Compared with traditional

two-dimensional cell culture, organoid technology can more
comprehensively capture the dynamic interactions between cells
and between cells and matrix, providing a more accurate and
reliable model for drug efficacy assessment, safety prediction,
and disease mechanism research [18]. Organoid technology can
be used to construct periosteum organoid models with complex
physiological functions, providing an important reference for the
design and optimization of artificial periosteum. Physiologically,
designing a periosteum organoid structure that matches the
natural process of bone healing may be a highly efficient repair
strategy. Bone healing is a finely tuned process involving multiple
overlapping and alternating functional events such as antimicro-
bial, immunomodulation, neuromodulation, angiogenesis, and
osteogenesis [19]. In closed fractures, immune modulation occurs
through the primary stages of bone healing, to be followed by
neurotrophins secreted by the nervous system and nutrients
supplied by neovascularization at the defect site, which syner-
gistically regulate the osteogenic microenvironment [20, 21]. In
open fractures the antimicrobial effects of recruited neutrophils to
the fracture site supply the first innate defense against infection.
Eventually, osteoblasts deposit new osseous tissue that eventually
forms mature bone tissue [22]. Innovative strategies have led
to the creation of periosteum organoids that employ various
materials ranging from native tissues [23], scaffold-free cell sheets
[24], to scaffold-cell composites [25]. Gao et al. demonstrated that
hBMSC cell sheets have excellent osteogenic potential [26]. Liu
et al. combined hMSC cell sheets with hydrogel scaffolds, which
also demonstrated that this periosteum-like structure is highly
useful for remodeling the bone microenvironment [27]. These
periosteum organoids are designed to mimic the natural perios-
teum’s regenerative capabilities for the bone healing process, as
aforementioned, thereby potentially enhancing bone regenera-
tion in defects where the natural function of the periosteum is
impaired. The periosteum organoid is an example of the mutual
integration of biomaterial technology and organoid technology.
It not only provides a new way to solve clinical problems, such
as the repair of bone defects, but also opens up a new path for
the development of regenerative medicine. With the continuous
progress and innovation of technology, it is reasonable to believe
that periosteum organoids will play an even more important role
in the future in the medical field.

In this comprehensive review, we embark on an exploration of the
current knowledge of the periosteum, beginning with an intricate
delineation of the architecture and its pivotal roles in bone
physiology. Recognizing the periosteum’s multifaceted functions
provides a fundamental framework for the conceptualization
and development of periosteum organoids. Delving deeper, we
investigate the complex engineering approach in tissue engineer-
ing and detail the application of different functional periosteum
organoids described for bone repair (Figure 1). Furthermore, we
delineate prospective trajectories in the integration of perios-
teum organoids with bone organoids, spotlighting the potential
for significant advancements in therapeutic applications within
clinical settings. By bridging the gap between theoretical insights
and practical applications, this review aims to underscore the
transformative implications of the synergic use of periosteum
organoids and bone organoids in regenerative medicine and for
bone repair strategies.
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FIGURE 1 | Strategies for constructing periosteum organoid. Cre-

ated with BioRender.com.

2 | History of Organoid Development

With the rapid development of regenerative medicine, organoid
technology, with its unique “human modeling” system, brings
a revolutionary new approach to the fields of human disease
modeling, tissue engineering, drug discovery, and diagnostics,
and shows great potential for development [28]. Organoids,
derived from primary tissues or differentiated from pluripotent
stem cells, possess structural and functional properties similar to
those of natural organs, including the ability to self-assemble and
self-renew [29, 30]. Compared to the traditional 2D monolayer
cell culture model, 3D cell culture models allow cells to grow
in multiple dimensions under in vitro conditions, thus more
accurately mimicking the complex environment in vivo. This
high degree of mimicry of in vivo conditions allows organoids to
be stable in extended culture systems, providing unprecedented
opportunities for medical research and clinical applications.

Organoid technology has been gradually established and con-
tinuously developed since the beginning of the last century
(Figure 2). As early as 1900, researchers wanted to reproduce
organ formation in cultures, and they tried to start by cul-
turing tissue fragments. Harrison developed the hanging drop
tissue culture technique in 1906 [31]. In 1907, Wilson et al.
first verified the ability of isolated sponge cells to self-organize
and regenerate whole organisms, which laid the foundation for
subsequent organoid research [32]. In 1963, Swarm and his team
explored in depth the properties of the extracellular matrix of
what was thought to be a chondrosarcoma, and in the process
succeeded in isolating a gel with remarkable basement membrane
characteristics [33]. This extracellular matrix gel was named
EHS sarcoma gel because of its unique properties, and it later
became commercially available and a widely used matrix gel in
organoid technology. This discovery thus laid a solid foundation
for the development of organoid technology. A breakthrough
came in 1975 with the work of Rheinwald and Green, who found

that co-cultures of primary human keratin-forming cells and
3T3 fibroblasts were able to form stratified squamous epithelial
colonies similar to those of human epidermis, which provided an
important reference for the mimicry of organoids in skin tissue
development [34]. Organoid research advanced further into the
1980s when researchers successfully isolated pluripotent stem
cells from mouse embryos and demonstrated that these cells had
the ability to differentiate into one or more of the desired mature
cell types, thus possessing the potential to repair organs [35]. This
discovery opened up new avenues for the use of organoids in
disease modeling and regenerative medicine. In 1987, researchers
began to explore methods of culturing primary cells on tumor-
reconstituted basement membranes to simulate more complex
3D culture systems. Then, in 2009, Hans et al. achieved another
milestone in the field of organoid research. They successfully
used adult intestinal stem cells to culture intestinal organoids,
which were able to self-assemble and differentiate into intestinal
tissues with crypt villi [36, 37]. The method was subsequently
successfully used for the construction of stomach [38], pancreas
[39], colon [37], liver [40], brain [41], and bone [42] organs. This
achievement not only demonstrates the potential of organoid
technology in modeling complex organ structures but also lays
a solid foundation for subsequent organoid applications.

3 | Periosteum Organoid

Periosteum organoid, as an important area in the application of
organoid technology, aims to reproduce the complex 3D structure
organization and functional natural properties of periosteum in
vitro [43]. By precisely regulating the proliferation, differentiation
and interaction of stem cells on the 3D scaffold material, and at
the same time simulating the biochemical signals and mechanical
stimuli in the periosteum microenvironment in vivo, periosteum
organoids with high physiological similarity can be constructed
[44, 45]. The periosteum organoid not only provides a powerful
tool to study the biological processes of bone development,
fracture healing and bone regeneration, but also lays a solid
foundation for the development of novel bone repair strategies.

3.1 | Periosteum

The periosteum, a key component of the skeletal system, covers
almost most of the outer surface of the bone, and it acts as a
bridge and transition zone between the bone and the adjacent soft
tissues [46]. This layer of structure is not only highly functional
and complex, but also plays a crucial role in both physiologic and
pathologic processes of the skeleton.

From an anatomical point of view, the periosteum can be
meticulously divided into two main layers: the fibrous layer
and the cambium layer [47, 48]. There is no clear boundary
between these two layers, but this can be seen histologically
especially during osteoid apposition and together they form a
fully functional system. The cambium layer is in direct contact
with the bone surface, and it is enriched with osteogenic stem and
progenitor cells. These cells are key players in the bone healing
and regeneration process, and they provide the cellular support
necessary for bone repair and reconstruction [49]. The fibrous
layer, on the other hand, serves as the nutrient supply layer within
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FIGURE 2 |

the bone and contains fibroblasts, collagen, and a rich network of
capillaries. These structures not only provide the periosteum with
the necessary nutrients and oxygen, but also help to maintain
the normal physiological function of the periosteum. In addition,
some of the fibers in the fibrous layer penetrate the bone to form
the so-called “Sharpeys fibers,” which act as anchors between
the periosteum and shaft and also with ligaments and tendons,
further enhancing the stability and integrity of the bone structure
[50, 51].

The role of the periosteum is even more important in the
process of bone repair and reconstruction. Whether it is the
reconstruction of bone defects caused by skeletal diseases or the
healing of fractures, the periosteum is able to provide necessary
support and assistance for bone repair and regeneration through
its internal cellular components and fiber structure. Therefore,
the study and understanding of periosteum not only helps us to
better understand the physiological and pathological processes of
periosteum in promoting bone repair, but also provides new ideas
and methods for the treatment of skeletal diseases and bone repair
techniques in the future.

3.2 | Design of Periosteum Organoid

In the design of periosteum organoids, the construction strategy
is systematically divided into two core elements: basic design
and functional design [52]. As the cornerstone of organoid
construction, basic design provides a strong material foundation
and technical support for the construction of organoids by
integrating key elements such as cells, scaffolds, growth factors,
and microfluidic systems (Table 1) [53, 54]. Functional design,
on the other hand, explores and expands the physiological
functions of periosteum in bone repair, and optimizes and
promotes the process of bone repair through the comprehensive
effects of antimicrobial, immunomodulation, neuromodulation,
angiogenesis, and osteogenesis. This process not only reflects the
cross-disciplinary integration of biomaterials science, cell biology,

Establishment of
pluripotent stem
cells in mouse
embryos

Gut organs were
cultured from adult
intestinal stem cells

History of organoid development. Created with BioRender.com.

and tissue engineering, but also opens up new horizons and
possibilities for research and clinical application in the field of
bone regenerative medicine.

3.2.1 | Basic Design

The basic components of a periosteum organoid (and more
broadly, organoid construction in tissue engineering) include key
aspects such as cells, scaffolds, growth factors, and microfluidic
systems. The role of each of these elements in the construction of
periosteum organoids is considered below.

3.2.1.1 | Cells. Cells are the basic unit for building organoids
and occupy a central position in regenerative engineering. In
this complex and delicate process, researchers prefer to use
cell populations with significant osteogenic potential, such as
MSCs and periosteal stem cells. These cells can show multidirec-
tional differentiation ability, and can not only differentiate into
osteoblasts to participate in the formation and mineralization of
bone matrix, but also transform into chondrocytes or adipocytes
according to the environmental signals, thus playing a crucial role
in the construction and functional recovery of periosteal tissues
[55].

3.2.1.2 | Scaffold. The selection of scaffold materials is par-
ticularly important in the complex construction of periosteum
organoids. Scaffolds not only provide a solid support structure for
cell growth, but also need to have appropriate porosity to support
cell migration, proliferation, and secretion and deposition of
extracellular matrix in 3D space [56]. Commonly used scaffold
materials include natural polymers, synthetic polymers, and
inorganic materials. Ideal scaffold materials should combine bio-
compatibility, degradability, and appropriate mechanical strength
and space to provide an ideal environment for cell growth, thereby
promoting regeneration and functional recovery of periosteal
tissues.
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TABLE 1 | Basic design of periosteum organoid.

Element Type Function Ref.
Cells BMSCs One of the most important osteogenic differentiated [63]
stem cell types.
Periosteum-derived cells (PDC) Possesses clonal pluripotency and self-renewal [64]
capacity, mainly intramembranous osteogenesis.
Skeletal stem cells Mainly endochondral osteogenesis. [65]
Macrophage-lineage Secretion of PDGF-BB recruits PDC to the periosteal [66]
tartrate-resistant acid surface and differentiates them into osteoblasts.
phosphatase-positive (TRAP™)
cells
Scaffold Extracellular matrix The decellularized extracellular matrix is a naturally [67]
cross-linked and highly ordered 3D fibrillar network
providing a model for in vivo/in vitro
mineralization.
Collagen fiber Prevents invasion of reticular fibrous tissue and [68]
promotes osteogenic mineralization.
Piezoelectric poly(vinylidene Repairing the local osteogenic electrical [69]
fluoride-trifluoroethylene) microenvironment to induce stem cell migration.
(PVFT)
Poly(lactic-co-glycolic acid) Excellent biocompatibility and biodegradability, [70, 71]
(PLGA), polycaprolactone (PCL), which significantly promote osteogenic
poly(l-lactic acid) (PLLA) differentiation and meet the required mechanical
properties of bone.
Gelatine, hyaluronic acid, As a classic material for hydrogels, it can provide a [72-75]
chitosan, poly(oxyethylene) 3D skeleton for bone repairs.
(PEG)
Growth factors BMPs, TGF- Regulation of osteogenesis-related gene expression [76, 77]
through activation of the SMAD signaling pathway.
IGF Promotion of osteoblast proliferation, [78-80]
differentiation and mineralization through the
PI3K/Akt signaling pathway.
PDGF, VEGF Bone regeneration by promoting angiogenesis. [81]
TNF-a Often associated with inflammatory responses and [82]
can indirectly regulate osteogenesis through
activation of RANK.
FGF Promote osteoblast proliferation and differentiation [83]
Microfluidic Linear channel Single fluid flow for basic cell culture or drug [84, 85]
system screening,.
Networked channel Simulation of complex fluid dynamics, for example, [86, 87]

simulation of vascular networks or complex
periosteal blood flow.

3.21.3 | Growth Factors. Introducing and regulating the
type and concentration of growth factors is a key compo-
nent in inducing the directed differentiation of stem cells into
osteoblasts, thereby accelerating bone tissue formation and repair
[57, 58]. For example, bone morphogenetic proteins (BMPs),
transforming growth factor-8 (TGF-f), insulin-like growth factor
(IGF), platelet-derived growth factor (PDGF), vascular endothe-
lial growth factor (VEGF), fibroblast growth factor (FGF), tumor
necrosis factor-a (TNF-a), as typical osteogenic growth factors,
have been proved to have strong osteogenic potential, and they
act as mediators of intercellular signaling, which can accurately

regulate the rate of proliferation, direction of differentiation, and
expression of specific functional proteins in stem cells [59, 60].
Therefore, the strategy of adding growth factors can not only
accurately guide the differentiation of stem cells toward osteoge-
nesis, but also optimize the construction process of periosteum
organoid and promote the rapid formation and efficient repair of
bone tissue.

3.2.1.4 | Microfluidic System. Microfluidics technology uti-
lizes the creation of a unique network of microchannels and
microvalve design to achieve fine manipulation of fluid flow paths
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and flow rates [61]. This highly adjustable fluid management
system ensures that the cells are able to obtain an appropriate
amount of nutrients and oxygen uniformly and continuously
to meet their metabolic needs for growth and differentiation.
At the same time, metabolic waste is removed in a timely
manner, avoiding the accumulation of harmful substances that
can adversely affect cell health [62]. This technology promotes
the precise regulation of cell growth and differentiation, but
also opens up a new way for in-depth exploration of biological
developmental mechanisms, construction of disease models, and
development of organoid strategies.

3.2.2 | Functional Design

The periosteum has antimicrobial, immunomodulatory, neuro-
modulatory, angiogenic, and osteogenic functions that protect
damaged bone and ensure effective bone repair. It is impor-
tant to design periosteum organoids that accurately mimic
all the complex functions of the periosteum for regenera-
tion, appropriate for both open and closed fractures, and the
nature of periosteal organoids with different functions is now
considered.

3.2.2.1 | Antimicrobial. Periosteum acts as a barrier mem-
brane that prevents invasion of surrounding connective tissue
and bacterial infection in open injuries, providing a favorable
microenvironment for osteogenesis [88]. A bacterial infection
of the tissue is considered among the most devastating com-
plications of surgery [89]. It is often caused by the invasion of
fungal or bacterial pathogens into the interior of the wound,
and severe bone infections can progress further to osteomyelitis
[90]. The progression of bone infection can be broadly divided
into three stages [91]: Pathogen entry into host cells to evade
antibiotics and immune responses: For example, Staphylococcus
aureus anchors with osteoblasts through fibronectin binding
protein, fibronectin, and integrin a5bl [92]. It is also the main
pathway of pathogen invasion into host cells. Biofilm forma-
tion: When S. aureus adsorbs to the substrate, the increase in
extracellular polymeric material leads to further aggregation of
S. aureus together to form biofilms [93]. Biofilms prevent entry
of antibiotics and immune cells, further increasing the difficulty
of treatment [94]. Bone destruction: On the one hand, S. aureus
entry into cells induces expression of TRAIL to reduce osteoblast
activity and trigger bone destruction. On the other hand, bioac-
tive factors interact and stimulate osteoclasts, leading to bone
loss and destruction [95, 96]. Reports in the literature suggest
that there is great variability in the incidence of bone infec-
tions, ranging from 1%-55%, depending on the type of surgery,
patient lifestyle, and other chronic conditions [97-99]. Bone
infections without therapeutic intervention contribute to bone
healing failure, repeated surgeries, and increased treatment costs.
Designing periosteum organoids with antimicrobial properties
can play a crucial role in achieving successful osteogenesis. Strong
support for bone tissue repair and regeneration can be accom-
plished by integrating antimicrobial mechanisms and biomaterial
technologies.

3.2.2.2 | Immunomodulation. The inflammatory response
is the first stage in initiating the bone healing process. Multiple

macrophage subpopulations exist in natural periosteum, and
functional transitions between different macrophage subpopula-
tions are thought to be a key mechanism for coordinating bone
repair and healing. As a critical cell type for osteoimmunity,
macrophages can differentiate into different subtypes under the
influence of the microenvironment, which participate in the
regulation of bone metabolism. M1 macrophages secrete pro-
inflammatory cytokines, which differentiate into osteoclasts and
enhance bone resorption, whereas M2 macrophages secrete anti-
inflammatory factors, which stimulate osteoblast differentiation,
thereby promoting bone formation [100]. Once macrophage
polarization is out of balance, the healing cascade is disrupted,
leading to delayed or even no healing. In addition, researchers
have found that by using immunohistochemistry, inflammatory
macrophages such as the F4/80"Mac-2" population are activated
in the periosteum after injury [101]. This finding not only
confirms the central role of osteoimmunity in the bone healing
phase but also suggests that specific interactions of the immune
system are equally crucial during bone repair. These interactions
include signaling between immune cells and osteoblasts, the
release of immunomodulatory molecules, and the shaping of
the immune microenvironment, which together form a complex
regulatory network that finely regulates every stage of bone
healing. Therefore, it is important to investigate in depth the
biological mechanisms of different subpopulations of periosteal
macrophages during bone formation and bone resorption for
bone healing.

3.2.2.3 | Neuromodulation. Recently, the regulation of bone
regeneration by nerves has received widespread attention. During
embryonic development, it has been found that nerve tissue
develops earlier than bone tissue, which may be related to the
fact that the brain develops earlier than bone in the embryo
[102]. Clarifying the regulatory role of nerves for bone has great
implications for bone tissue engineering. The periosteum is
characterized by an abundant neural network, which regulates
bone formation and bone resorption through neural signals to
maintain bone homeostasis together [103, 104]. Notably, the
periosteum is not only densely populated with sensory neurons
but is also rich in sympathetic neurons, which finely regulate
bone metabolic processes by releasing a series of biologically
active factors such as neuropeptides and cytokines [105, 106]. In
addition, the regulation of bone metabolism by the nervous sys-
tem involves more far-reaching dimensions. Studies have shown
that the central nervous system is not only directly involved
in the maintenance of skeletal homeostasis but also indirectly
affects bone metabolism by regulating the secretion of leptin, a
key metabolic hormone [107-109]. As a “messenger” between the
nervous system and the skeletal system, leptin plays an important
role in promoting bone formation and inhibiting bone resorption.
When the interconnection between the nervous system and the
skeletal system is disturbed, bone homeostasis is disrupted, and
various diseases such as bone tumors and heterotopic ossification
occur [110]. Consequently, although bone homeostasis is linked to
the activity of the nervous system, there is still limited research on
the communication mechanisms between the two systems, and
further in-depth studies are required.

3.2.2.4 | Angiogenesis. An abundance of blood vessels in
the periosteum can transport the required nutrients, oxygen,
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minerals, and metabolic wastes, which are necessary for the bone
healing process [111]. Neovascularization, that is, the formation
and development of new blood vessels, forms an integral part
of the bone repair mechanism as well as the construction
of periosteum organoids. When bone tissue is injured, it will
first form a hematoma, and immune cells are recruited. Then
fibroblasts and chondrocytes form healing tissue with the help of
neovascularization, and the healing tissue is further mineralized
and deposited to complete bone repair [112, 113]. VEGF is a
key factor in vascularized osteogenesis. In mouse experiments,
inhibition of VEGF function negatively affected bone formation,
again demonstrating the importance of vascularization for suc-
cess [114, 115]. Vascularity is essential for all bone healing and
therefore, must be considered in design strategies for bone tissue
engineering. The most challenging issue in vascularized bone
tissue engineering is how to connect the new microcirculatory
vessels to the organism, as the connection between these vessels
themselves is not an immediate process may take up to 8 days
[116, 117]. Therefore, the importance of vascularization during
bone repair cannot be overstated. It is not only related to the
speed and quality of healing, but also a key factor in determining
the success of periosteum organoid construction. In the future,
how to guide the blood vessels to be rapidly neovascularized and
seamlessly integrated with the organism will become a hotspot
and a challenge in the field of bone tissue engineering, and also
an important direction to promote technological breakthroughs
in this field.

3.2.2.5 | Osteogenesis. The periosteum is not only directly
involved in osteogenesis but also indirectly catalyzes the advance-
ment of the osteogenic process through multiple mechanisms,
such as nutrient supply and growth factor release. The periosteum
contains a large number of cells with osteogenic potential and
plays an extremely important role in the process of osteogenesis
by providing the substances and cells necessary for the osteogenic
phase [118, 119]. Osteoblast differentiation is regulated by a
variety of factors, including physical, chemical, and biological
stimuli [120]. There are two main types of repair osteogene-
sis involving the periosteum: direct bone healing, known as
intramembranous ossification, and indirect cartilage formation
followed by remodeling to mature bone, known as endochondral
ossification. The process of intramembranous ossification is
relatively simple. When the periosteum contacts the hematoma
site, the periosteal stem cells are affected by microenvironmental
factors, differentiate into osteoblasts, and calcify to form mature
bone tissue [121, 122]. Endochondral ossification is the main
form of osteogenesis after periosteal implantation [123]. The
process begins with the formation of the hematoma and its
stabilization with the surrounding soft tissue, followed by the
active differentiation of stem cells within the cartilage and the
production of chondrocytes in large numbers. Over time, this
cartilaginous healing tissue is gradually replaced and evolves
into mature bone tissue [124, 125]. Furthermore, a study has
shown that periosteum-derived stem cells exhibit greater growth
potential and osteogenic differentiation capacity than BMSC [65].
This finding further highlights the importance of local periosteal
response mechanisms and activation of periosteal stem cells in
the region of injury during the process of bone repair, which
play an indispensable role in promoting bone regeneration and
recovery.

4 | Application of Periosteum Organoid

4.1 | Antibacterial Periosteum Organoid

Periosteum organoids with antimicrobial properties are highly
desirable. Bacterial infections frequently accompanying the
implantation process of conventional bone substitutes are a seri-
ous problem in the bone healing process that is difficult to ignore
[126]. In clinical treatment, systemic antibiotic therapy is usually
used, but high doses of antibiotics can cause host and bacterial
resistance and even more serious infections [127]. To solve the
above problems, a periosteum organoid biomaterial with antibac-
terial function would be a good solution. Chitosan and graphene
oxide have received widespread attention as commonly used
antimicrobial biomaterials that can be prepared as bilayer guided
bone regeneration (GBR) membranes with synergistic osteogenic
and antimicrobial functions to repair bone defects (Figure 3A)
[128]. As commonly used antimicrobial drugs in clinical practice,
antibiotics such as tetracycline, ciprofloxacin, and tobramycin
have demonstrated excellent efficacy [129-131]. However, with
the emergence of bacterial resistance and multidrug-resistant
bacteria, new alternatives are urgently needed to meet this
challenge. In this context, novel antimicrobial materials with
novel antimicrobial properties, such as AgNPs [132], chitosan-
based biomaterials [133], bacterial peptides and antimicrobial
alloys [134], have shown promising development prospects.
Researchers have added e-polylysine (e-PLL) to agarose hydrogels,
which not only have favorable antimicrobial properties but also
support osteogenic cell development (Figure 3B) [135]. Metallic
elements are essential for both biological functions and the
metabolism of cells. Silver (Ag) [136, 137], gold (Au) [138, 139],
copper (Cu) [140], zinc (Zn) [141], and their corresponding
oxides have received much attention in bacteriostatic studies
[142-144]. In a recent study, Cu** was loaded into electrospun
membranes, and it was found that adjusting the concentration
of Cu optimized antimicrobial activity and exhibited excel-
lent antimicrobial properties (Figure 3C) [145]. In addition to
the antibiotics, antimicrobial drugs, polymers, and inorganic
metals mentioned above, antimicrobial properties can also be
achieved by external stimuli (photocatalysis and sonocatalysis).
The advantages of using the latter methods are rapid and efficient
sterilization with no side effects. Despite exciting advances in
photocatalysis for antimicrobial purposes, therapeutic effects
on bone tissue are limited by the limited penetration [146].
In attempts to address this issue, sonocatalysis methods are
emerging as attractive alternatives. Ultrasound, as a mechanical
wave, has superior tissue penetration, thus providing a more
concentrated antimicrobial effect on the infected area with no
significant attenuation of energy [147]. Mao et al. designed a
novel acoustic sensitizer that can stimulate electron transfer via
ultrasound and promote O, production, thereby effectively treat-
ing MRSA-induced infections and reducing the inflammatory
response of bone tissue (Figure 3D) [148].

Periosteum organoids with antimicrobial function are gradually
showing their important value, which can effectively prevent and
treat bone infections and promote bone defect repair, and also
significantly reduce postoperative complications, bringing new
hope for bone regenerative medicine. However, the high cost
of these materials and the complex preparation and processing
technologies have become the main obstacles limiting their
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inhibition by evaporation-induced self-assembly and ice template technology [128]. Copyright 2019, Elsevier Inc. (B) e-PLL, as an antimicrobial agent,
showed excellent antimicrobial effects during osteogenesis [135]. Copyright 2021, Elsevier Ltd. (C) Cu®*-loaded resorbable electrospun membranes
prevent bacterial infections while promoting bone resorption [145]. Copyright 2022, Elsevier B.V. (D) Ultrasonic stimulation triggers a coupling effect
between phonons and surface electrons to treat MRSA-induced bone infections with a 99.72% sterilization rate [148]. Copyright 2023, Wiley-VCH GmbH.

wide application. Future research should focus on three major
aspects:

1. To develop new antimicrobial composites, balance antimicro-
bial and biocompatibility, and explore cost-effective prepara-
tion processes.

2. The promotion of intelligent design by the use of smart
materials to accurately regulate the antimicrobial properties.

3. To focus on personalization to achieve the delivery of
precision medicine to patients.

4.2 | Immunomodulatory Periosteum Organoid

The immune system and bone repair are closely related, sharing
many cytokines and other signaling molecules (Figure 4A)
[149-151]. Engineering periosteum organoids adapted to the

bone immune microenvironment contributes to bone repair and
osseointegration. Acute inflammation usually occurs within 48 h
after bone injury. Han et al. designed a novel immunomodulatory
composite hydrogel, which, combined with ultrasonic stimula-
tion, can continuously release anti-inflammatory drugs with a
drug release rate of 38.14%, achieving rapid treatment (Figure 4B)
[152]. Some researchers have argued that since inflammation in
tissue repair is a dynamic process, therapeutic strategies that
focus only on a specific time are insufficient to meet therapeutic
needs. Wang et al. proposed that customized treatments in
chronological order were effective in improving inflammation
and promoting tissue repair [153]. This immunomodulatory
material achieves the functions of blocking pathogens and
activating inflammation, macrophage polarization to MIl-type
elimination of biofilm, and macrophage repolarization to M2-type
inhibition of inflammation and promotion of tissue repair in a
chronological order (Figure 4C). In another study, Li et al. also
achieved targeted polarization of macrophages with the help of
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of periosteum organoid combined with cell sheet technology significantly modulate the immune response to promote bone repair [63]. Copyright 2024,

Elsevier B.V.

biomaterials to regulate immune function [154]. The researchers
added the immunobioactive agent harmine to the hydrogel,
and through in-depth analysis by transcriptome sequencing,
found that the hydrogel activated M2 macrophages, upregulated
anti-inflammatory cytokines (IL-4, IL-10, and Arg-1), and acti-
vated the PI3k-Akt signaling pathway to promote osteogenesis
(Figure 4D). In order to simulate the immune microenvironment
of periosteum better, Hao et al. designed a hamburger-like
periosteum containing BMSCs and M2-type macrophages, which
could effectively regulate the polarization of macrophages to
the M2 phenotype and achieve effective regulation of bone
immunity (Figure 4E) [63]. In summary, it is clear that the

polarized state of macrophages and the beneficial immune
microenvironment have important regulatory roles in bone
regeneration [155].

Periosteum organoids with immunomodulatory functions can
significantly enhance their biocompatibility, reduce inflamma-
tion, and create a conducive environment for bone regeneration.
Among them, it is also crucial to deeply investigate the spe-
cific interactions between the immune system and periosteum
organoids. This interaction is not only related to the ability of
periosteum organoids to play a stable immunoregulatory role
in a complex and variable biological environment, but also
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TABLE 2 | Connections between the nervous system and the skeletal system.

Nervous system Bioactive factor

Receptor

Function

Central nervous 5-HT
system
Semaphorin 3 A
Brain-derived
neurotrophic factor
(BDNF)
Peripheral CGRP
nervous system
SP

Vasoactive intestinal
peptide (VIP)

Neuropeptide Y (NPY)

NE

Ach

5-HT receptors

Neuropilin-1 (Nrp-1)

Tyrosine Kinase
receptor B (TrkB)

RAMPI1-CLR complex

NKI1-R

VPACI1 and VPAC2
receptors.

Y1 and Y2 receptors

B-adrenergic receptors
(B-AR)
nAChRs and mAChRs

Peripheral 5-HT inhibits mouse osteoblast
proliferation and differentiation and promotes bone
resorption [162].

Sema 3A activates the Wnt/g-catenin signaling
pathway and inhibits adipocytosis and
osteoclastogenesis [163].

BDNF activates ERK1/2 and AKT signaling pathways
and promotes the proliferation and differentiation of
hMSCs [164].

Activation of the cAMP-CREB pathway promotes
osteogenic differentiation of MSCs [165].
CGRP inhibits RANKL-NF-xB signaling pathway to
suppress osteoclast differentiation [166].

High concentrations of SP stimulated the
up-regulation of osteogenic gene expression in BMSC
[167].

VIP activation of the Wnt/S-catenin pathway
enhances differentiation of BMSC [168].

NPY promotes the proliferation and differentiation of
BMSC into osteoblasts via the Wnt/S-catenin
pathway [169].

NPY combined with Y2 receptors modulates
noradrenergic neurons and attenuates excessive
stress-induced bone loss [170].

NE promotes osteoclast maturation [171].

ACh stimulates osteoblast proliferation [172].

Activation of nAChR inhibits RANKL-induced Ca**
production, leading to osteoclastogenesis [173].

directly affects their efficiency and effectiveness in promoting
bone regeneration. By precisely analyzing the signaling mech-
anism between immune cells and periosteum organoids, we
can better understand the biological basis for their promotion
of bone healing, and thus provide a scientific basis for opti-
mizing the design of periosteum organoids, so that they can
be more accurately matched to the individual patient’s needs,
and the therapeutic efficacy of periosteum organoids can be
maximized.

4.3 | Neuromodulatory Periosteum Organoid

The nervous system serves as an early participant in bone repair,
with both the central and peripheral nervous systems influencing
skeletal developmental events [156]. More specifically, nerve
growth factor (NGF) deficiency results in damaged innervation
and decreased osteocytes. The neural factors include serotonin (5-
HT), calcitonin gene-related peptide (CGRP), substance P (SP),
and acetylcholine (Ach) [157], which interact with receptors on
osteocytes (Table 2). Based on this, the design of biomaterial
scaffolds/membranes carrying nerve cells and growth factors
plays a crucial role in the bone regeneration process. Accord-

ing to the recent study, researchers inoculated BMSC on PCL
nanofiber nerve guide conduits and co-cultured them. The
results showed a significant increase in nerve synapses in rats,
which could promote peripheral nerve regeneration in the injury
gap [158]. In addition, extracellular exosomes and extracellular
vesicles, as important components of tissue engineering, have
been rapidly developed in regenerative medicine due to their
safety and efficacy [159]. Hao et al. verified the important role
of innervation of bone regeneration by exosomes derived from
Schwann cells [160]. Su et al. used phosphatidylserine (PS)-
targeted aptamers coupled with exosomes from Schwann cells
loaded onto the surface of electrospun fibers to construct an
artificial bionic periosteum [161]. Both in vivo/in vitro experi-
ments demonstrated that this neuromodulated bionic periosteum
has significant neurogenesis and also promotes angiogenesis and
osteogenesis.

In conclusion, periosteum organoids with neuromodulation offer
an innovative and highly promising therapeutic strategy for bone
repair. However, the development of this field is still in its infancy,
and there are still many issues to overcome. For example, how to
explore the mechanism of interaction between neurotransmitters
and osteoblasts, and how to construct a microenvironment for
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dynamic nerve-bone balance. Further research should focus on
key scientific questions with a view to promoting breakthroughs
in neuromodulation technology in the field of bone repair,
and ultimately achieving safer, more efficient, and personalized
treatment protocols for bone injuries.

4.4 | Angiogenesis Periosteum Organoid

As mentioned above, natural periosteum contains a rich vascular
network that provides oxygen and nutrients to the skeletal
system. Therefore, it is very important to induce vascular neo-
vascularization in tissue engineering and construct a vascular
network to obtain a more functional periosteum organoid. Cur-
rently, design strategies for periosteal vascularization revolve
around scaffold design, seed cells, growth factors, signaling cues,
and pre-vascularization [174]. Hydrogel, as a hydrophilic 3D
mesh structure with an internal structure similar to that of
natural periosteum, has very obvious advantages in construct-
ing biomimetic periosteum [175, 176]. For example, Lou et al.
designed a composite hydrogel inspired by periosteum using
PEGylated poly (glycerol sebacate) polymer and CaP nanopar-
ticles, which exhibited significantly enhanced angiogenic and
osteogenic activities by virtue of its excellent adhesion and
bioactivity (Figure 5A) [177]. For the design strategy of the
periosteum organoid, the researchers not only studied the natural
structure of the periosteum in depth, but also referred to other

structures in nature to enhance the versatility of the periosteum
organoid. Conventional design strategies for artificial periosteum
focus less on tissue adhesion, leading to inward growth of soft
tissue, thus creating scar tissue that hinders the osteogenic
process [178]. Inspired by the gecko, the researchers designed
fibrillar setae arrays incorporating mussel adhesion proteins
to enhance the adhesion of the periosteum organoid under
dry/wet conditions. Experimental results showed that this Janus
periosteum also has significant advantages in osteogenesis and
vascularization (Figure 5B) [179]. He et al. also improved the
design of the hydrogel by adding a hypoxia-mimicking compound
that accelerates vascular regeneration (Figure 5C) [180]. The
direct addition of seed cells (MSC [181, 182], endothelial cells
[183]), growth factors (VEGF [184], bFGF [185], PDGF [186],
HIF-1a [187]), metal ions (B, Mg, Sr, Cu, Co, Ti, and Zn) [188-
191], and nitric oxide (NO) [192, 193] cues when designing the
periosteum organoid is also an effective treatment strategy. For
example, NO can act as a bioactive agent that activates the
NO-cyclic guanosine monophosphate (cGMP) signaling pathway,
which coordinates the vascularized osteogenesis process and
promotes bone repair (Figure 5D) [194]. The release pattern
of signaling cues is also critical. In addition to the common
uniform release, release modes such as combined release, delayed
release, and programmed release need to be designed for different
disease conditions. This could be an influential future research
direction for vascularized bone tissue engineering. Other than
the above-mentioned approaches, pre-vascularization techniques
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are equally important. Pre-vascularization refers to the pre-
generation of a scaffold with a vascular network in vivo or in vitro
so that the scaffold can provide a rich blood supply immediately
after implantation and quickly establish a connection with the
body [195, 196]. Recently, lithography techniques and 3D printing
have provided entirely new ways to fabricate microchannels for
capillaries and blood vessels [197-199].

Due to the critical role of adequate blood supply in the process of
bone repair to ensure the structural and functional regeneration
of bone tissues, the construction of an efficient and stable blood
supply network has become an indispensable part of the field
of bone regenerative medicine. Although the stability of these
methods still needs to be improved, they have shown encouraging
results in enhancing the efficient delivery of oxygen and nutrients
to the repair site, and this progress opens up new avenues for
the advancement of periosteum organoids. In this process, the
importance of vascularization is particularly prominent. Vascu-
larization is not only about the adequacy of the blood supply,
but also about bridging the new bone tissue to the body’s pre-
existing vascular system, which is an indispensable physiological
process during bone repair. Pre-vascularization techniques, in
particular, are considered to be highly promising due to their
ability to significantly facilitate rapid angiogenesis in the clinical
setting. However, due to the complexity and technical difficulty of
its construction process, more in-depth exploration and research
is still needed by researchers. In the future, with the continuous
advancement of technology and innovation of materials, we have
reason to believe that pre-vascularization technology will play an
even more important role in the field of bone repair, and provide
more solid support for the clinical application of periosteum
organoids.

4.5 | Osteogenesis Periosteum Organoid

The core function of the periosteum organoid is to have excel-
lent osteogenic potential, which accelerates and optimizes the
repair process of bone defects. Currently, construction strate-
gies for periosteum organoids are divided into scaffold-based
and scaffold-free approaches. Scaffolds templates for initial cell
attachment, migration, proliferation, and differentiation, and
are capable of manipulating cellular morphology to direct the
orderly synthesis of biological processes [200, 201]. Hydrogel, as
a network scaffold similar to the ECM environment, becomes an
ideal choice for tissue engineering [202, 203]. Xin et al. designed
a hydrogel membrane formed by co-cross-linking bioactive glass
and gelatin derivatives, and implanted it into rat cranial defects to
observe its repair effect [204]. The results showed that this hydro-
gel membrane has excellent angiogenic and osteogenic abilities
(Figure 6A). With the development of bone tissue engineering,
3D printing technology allows for precise design at macro and
micro scales, providing a more suitable in vivo response for
periosteum organoid. The physicochemical properties (rheology,
compression strength, adhesion, degradation) and cellular activ-
ity of different bioinks affect the restorative effect, making the
selection of the right bioink crucial [205, 206]. Sun et al. selected
graphene oxide/gelatin/silk proteins/dopamine-modified gelatin
composite bioink to 3D print a novel periosteum organoid
(Figure 6B) [207]. Electrostatic spinning, a technique for spray
spinning polymer solutions in a strong electric field, has received

increasing attention due to its wide range of flexibility, effec-
tiveness, and unique physicochemical properties [208-210]. Zhu
et al. prepared a fiber layer with osteoinductive function using
a mixed solution of polycaprolactone-gelatin-magnesium oxy-
chloride ceramics [211]. Magnesium oxychloride ceramics act as
osteoinductive factors, delivering chemical signals and recruiting
stem cells to provide the proper osteogenic microenvironment for
bone reconstruction (Figure 6C). In addition, it has been shown
that bone tissue also promotes bone repair when electrically and
mechanically stimulated [212, 213]. Recently, a black phospho-
rus electrostatically spun bionic periosteum was prepared, and
the activation of the bionic periosteum under an endogenous
electric field released sensory neurotransmitters and promoted
the differentiation of BMSC into osteoblasts (Figure 6D) [214].
The promotion effect of electrical stimulation on bone repair was
verified. Li et al. then used collagen to fabricate natural bone-
periosteal scaffolds, resulting in stable bone-periosteal structures
[215]. Unlike biomaterial scaffolds, decellularized matrix and
cell sheet technology can effectively avoid problems such as
scaffold degradation and immune rejection. As an alternative
approach, cell sheet technology is mainly maintained by cell-
cell junctions and secretion of ECM proteins, and the intact cell
sheet structure results in excellent cell activity and regeneration
[216-218]. Using MSC cell sheets as tissue-engineered periosteum
to wrap allografts, Long et al. observed that the cell sheets
formed cartilage at the host junction, promoted bone scab for-
mation, and observed large amounts of periosteal healing tissue
[219, 220].

When exploring the application of periosteum organoids for the
promotion of bone defect repair, it is not difficult to find that these
biomaterials, whether or not relying on scaffolding structures,
exhibit certain technical limitations. These limitations signifi-
cantly hinder their potential to flexibly respond to the complex
and changing demands of bone healing in clinical practice. Bone
healing is a highly complex and synergistic multi-system process
involving osteoblasts, blood vessels, growth factors, immunity,
and biomechanics. Of particular note, osteogenic function, as
a core aspect of bone healing, is critical for achieving effec-
tive repair of bone defects. However, the current efficacy of
periosteum organoids in inducing osteogenesis is still insufficient
to fully meet the urgent need for efficient and precise bone
regeneration in clinical practice. In summary, future research
should focus on breaking through the limitations of existing
technologies and developing a class of periosteum organoids with
highly integrated functionality through innovative design, with
the aim of realizing more accurate, efficient, and comprehensive
bone defect repair in clinical practice.

5 | Summary and Prospect

In conclusion, periosteum occupies a central position in the
process of bone repair and regeneration, and its importance
cannot be ignored. The periosteum not only carries a rich reserve
of osteogenic-related cells, but is also a major source of supply of
growth factors, which are essential for the formation of new bone
and the repair of old bone. Therefore, the periosteum is regarded
as a key player in the mechanism of bone regeneration. The high
degree of synergy between the immune, vascular, nervous, and
skeletal systems is particularly critical in the process of periosteal
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promotion of bone repair. The immune system supports bone
repair by regulating inflammatory and immune responses; the
vascular system provides the periosteum with essential nutrients
and oxygen while removing metabolic wastes; the nervous system
influences the bone repair process through neurotransmitters
and hormones; and the skeletal system is directly involved in
bone formation and remodeling. This close cooperation between
multiple systems ensures the efficiency and accuracy of the
periosteum in bone repair.

In view of the importance of periosteum in the bone healing
process, the focus of this paper is on the design of periosteum
organoids. We summarize a series of periosteum organoids with
different functional properties, aiming to mimic and optimize the
natural process of bone regeneration (Table 3). These periosteum
organoids not only have the ability to generate and differentiate
osteoblasts, but also secrete various growth factors to support
bone repair. They also have the potential to interact with the
immune, vascular, and nervous systems to better integrate and
facilitate the overall process of bone repair. Specifically, the
antimicrobial function can protect the repair site from infec-
tion and create a sterile environment for tissue regeneration.
Immunomodulation helps to balance the local immune response,
reduce the negative impact of inflammation on bone healing,
and promote the formation of a microenvironment conducive to

tissue repair. Neuromodulation is essential for restoring sensory
and motor functions at the site of injury, which promotes the
growth and connection of nerve fibers and accelerates the full
recovery of functions. Angiogenesis ensures adequate blood
supply to the new bone tissue, which is essential for maintaining
cellular activity and promoting tissue maturation. Osteogenic
function is the core of periosteum organoid material, which
directly determines the efficiency and quality of bone defect
repair. Different functional periosteum organoids have unique
strengths, and the limitations of any single strategy may result
in a significant reduction in overall efficacy. In view of this,
future tissue engineering research needs to urgently turn to
the development of a periosteum organoid material that is
multifunctional in nature. Such materials should not only be
able to induce osteogenic activity, but also have the ability to
respond to dynamic changes in the microenvironment. On this
basis, further integration of antimicrobial, immunomodulatory,
neuromodulatory, and other multidimensional functions will
greatly enrich the clinical potential of periosteum organoid
materials.

Periosteum organoids, as a complex and unique organoid system
in biology, have shown great potential in the field of bone repair
and regenerative medicine. However, in order to realize their full
potential for clinical applications, future intense exploration of
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TABLE 3 | Strategies for periosteum organoid design.

Type Aim Limitation Ref.
Antibacterial Prevents bacterial infection, promotes Inadequate control of drug release. [126, 221]
periosteum integration of the materials into the tissue and
organoid accelerates the tissue regeneration and healing
process. Inadequate broad-spectrum
antimicrobial capacity.
Immunomodulatory Regulates the immune response, improves the Lack of in-depth understanding of [149, 222]
periosteum immune microenvironment, and prevents mechanisms.
organoid excessive immune response leading to tissue
damage or dysfunction. Limited material responsiveness
Poor long-term stability.
Neuromodulatory Integration of the central nervous system Complex neuromodulatory [223-225]
periosteum allows the periosteum organoid to sense and mechanisms.
organoid respond to external stimuli, thereby more
accurately mimicking the physiological Limited neuro-skeletal synergy.
function of the periosteum. . o T
Challenging clinical applications.
Angiogenesis Provides essential nutrients and oxygen supply Long generation time of the vascular [226, 227]
periosteum to bone tissue while transporting growth network.
organoid factors and other bioactive molecules to
promote repair and regeneration of bone tissue. Poor long-term stability.
Osteogenesis The main physiological functions of the Limited time-space regulation of [228]
periosteum periosteum, promoting osteoblast osteogenic factors.
organoid differentiation, proliferation, and bone matrix

synthesis etc.

Lack of long-term follow-up studies.

the specific mechanisms of action in bone repair, combined with
their further optimization and design, is critical.

1. In-depth exploration of the mechanisms of action: Perios-

teum organoids play multiple roles in the process of bone
repair, including providing cell sources, releasing growth fac-
tors, and promoting blood vessel formation. Future research
should focus on the detailed analysis of these mechanisms,
with a view to enhancing the effect of bone repair through
human intervention and optimization.

. Multi-functional integration: With the continuous progress
of biotechnology, periosteum organoids should develop in the
direction of multi-functional integration. This means that we
need to focus on the basic functions of promoting bone repair,
together with investigations on the potential applications for
drug delivery, immunomodulation, tissue engineering, and
all aspects of functional tissue regeneration. By integrating
multiple functions, periosteum organoids are expected to
become an important tool for bone repair and regenerative
medicine in the future.

. Feasibility assessment: In order to ensure the scientific
validity and effectiveness of periosteum organoid design,
we need to conduct a rigorous feasibility assessment. This
includes the design, implementation, and analysis of in
vivo/in vitro experiments, as well as focusing on evaluating
their performance and stability under different conditions.
Through these assessments, we can continuously optimize

the design and improve the effectiveness of periosteum
organoids in bone repair.

4. Optimization of compatibility of independent organoid struc-
tures: As an independent organoid system, periosteum
organoids need to be highly compatible and synergistic with
other biological tissues. Therefore, we need to focus on
the interface with other biological tissues and investigate
methods to ensure the function of periosteum organoids
while improving compatibility with the surrounding tissues.
By optimizing compatibility, we can further improve the
effectiveness of periosteum organoids in bone repair and
reduce possible complications.

In summary, periosteum plays a crucial role in the process of bone
repair, and the design and application of periosteum organoids
provide new ideas and methods for bone repair. With increasing
research activity and the rapid advancement of organoid technol-
ogy, there is no doubt that even more innovative and practically
useful periosteum organoids will be developed in the future,
bringing renewed hope and novel possibilities to the field of bone
repair.

Acknowledgments

Shuyue Hao, Fuxiao Wang, and Jingtao Huang contributed equally to
this work. This work was financially supported by Key program of
the National Natural Science Foundation of China: 82230071, National

14 of 21

Exploration, 2025



Natural Science Foundation of China (32471396, 82172098), Shanghai
Committee of Science and Technology (23141900600, Laboratory Animal
Research Project), Shanghai Clinical Research Plan of SHDC2023CRTO01,
Young Elite Scientist Sponsorship Program by China Association for
Science and Technology (YESS20230049).

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. R. Mishra, T. Bishop, I. L. Valerio, J. P. Fisher, and D. Dean, “The
Potential Impact of Bone Tissue Engineering in the Clinic,” Regenerative
Medicine 11 (2016): 571-587, https://doi.org/10.2217/rme-2016-0042.

2. T. Winkler, F. A. Sass, G. N. Duda, and K. Schmidt-Bleek, “A
Review of Biomaterials in Bone Defect Healing, Remaining Shortcom-
ings and Future Opportunities for Bone Tissue Engineering,” Bone &
Joint Research 7 (2018): 232-243, https://doi.org/10.1302/2046-3758.73.
BJR-2017-0270.R1.

3.D. Logeart-Avramoglou, F. Anagnostou, R. Bizios, and H. Petite,
“Engineering Bone: Challenges and Obstacles,” Journal of Cellular and
Molecular Medicine 9 (2005): 72-84, https://doi.org/10.1111/j.1582-4934.
2005.tb00338.x.

4. H. C. Pape, A. Evans, and P. Kobbe, “Autologous Bone Graft: Properties
and Techniques,” Journal of Orthopaedic Trauma 24, no. Suppl 1 (2010):
S36-S40, https://doi.org/10.1097/BOT.0b013e3181cec4al.

5. S. Stevenson, “Enhancement of Fracture Healing with Autogenous and
Allogeneic Bone Grafts,” Clinical Orthopaedics and Related Research 3558
(1998): S239-S246, https://doi.org/10.1097/00003086-199810001-00024.

6. V. Moraschini, D. C. F. de Almeida, M. D. Calasans-Maia, 1. C.
C. Kischinhevsky, R. S. Louro, and J. M. Granjeiro, “Immunological
Response of Allogeneic Bone Grafting: A Systematic Review of Prospec-
tive Studies,” Journal of Oral Pathology & Medicine 49 (2020): 395-403,
https://doi.org/10.1111/jop.12998.

7. R. R. Betz, “Limitations of Autograft and Allograft: New Synthetic
Solutions,” Orthopedics 25 (2002): s561, https://doi.org/10.3928/0147- 7447-
20020502-04.

8. Y. Khan, M. J. Yaszemski, A. G. Mikos, and C. T. Laurencin, “Tissue
Engineering of Bone: Material and Matrix Considerations,” Journal of
Bone and Joint Surgery 90, no. Suppl 1 (2008): 36-42, https://doi.org/10.
2106/JBJS.G.01260.

9.Y. Bian, T. Hu, Z. Lv, et al. “Bone Tissue Engineering for Treating
Osteonecrosis of the Femoral Head,” Exploration 3, no. 2 (2023): 20210105.

10. D. Zhao, Q. Saiding, Y. Li, Y. Tang, and W. Cui, “Bone Organoids:
Recent Advances and Future Challenges,” Advanced Healthcare Materials
13 (2023): €2302088.

11. S. Perrin and C. Colnot, “Periosteal Skeletal Stem and Progenitor Cells
in Bone Regeneration,” Current Osteoporosis Reports 20 (2022): 334-343,
https://doi.org/10.1007/s11914-022-00737-8.

12. C. Colnot, Z. Thompson, T. Miclau, Z. Werb, and J. A. Helms, “Altered
Fracture Repair in the Absence of MMP9,” Development (Cambridge,
England) 130 (2003): 4123-4133, https://doi.org/10.1242/dev.00559.

13. M. Fu, C. Yang, and G. Sun, “Recent Advances in Immunomodula-
tory Hydrogels Biomaterials for Bone Tissue Regeneration,” Molecular
Immunology 163 (2023): 48-62, https://doi.org/10.1016/j.molimm.2023.09.
010.

14. M. L. Knothe Tate, T. F. Ritzman, E. Schneider, and U. R. Knothe,
“Testing of a New One-Stage Bone-Transport Surgical Procedure Exploit-
ing the Periosteum for the Repair of Long-Bone Defects,” Journal of Bone
and Joint Surgery 89 (2007): 307-316, https://doi.org/10.2106/00004623-
200702000-00012.

15. S. Gupta, A. K. Teotia, I. Qayoom, P. A. Shiekh, S. M. Andrabi,
and A. Kumar, “Periosteum-Mimicking Tissue-Engineered Composite

for Treating Periosteum Damage in Critical-Sized Bone Defects,”
Biomacromolecules 22 (2021): 3237-3250, https://doi.org/10.1021/acs.
biomac.1c00319.

16. M. E. Sakalem, M. T. De Sibio, F. da Costa, and M. de Oliveira,
“Historical Evolution of Spheroids and Organoids, and Possibilities of Use
in Life Sciences and Medicine,” Biotechnology Journal 16 (2021): e2000463,
https://doi.org/10.1002/biot.202000463.

17. Z. Zhao, X. Chen, A. M. Dowbaj, et al., “Organoids,” Nature Reviews
Methods Primers 2 (2022): 94, https://doi.org/10.1038/s43586-022-00174-y.

18. M. Hofer and M. P. Lutolf, “Engineering Organoids,” Nature Reviews
Materials 6 (2021): 402-420, https://doi.org/10.1038/s41578-021-00279-y.

19. L. C. Gerstenfeld, D. M. Cullinane, G. L. Barnes, D. T. Graves, and T.
A. Einhorn, “Fracture Healing as a Post-Natal Developmental Process:
Molecular, Spatial, and Temporal Aspects of Its Regulation,” Journal
of Cellular Biochemistry 88 (2003): 873-884, https://doi.org/10.1002/jcb.
10435.

20. L. Bai, P. Song, and J. Su, “Bioactive Elements Manipulate Bone
Regeneration,” Biomaterials Translational 4 (2023): 248-269.

21. A. R. Armiento, L. P. Hatt, G. Sanchez Rosenberg, K. Thompson, and
M. J. Stoddart, “Functional Biomaterials for Bone Regeneration: A Lesson
in Complex Biology,” Advanced Functional Materials 30 (2020): 1909874,
https://doi.org/10.1002/adfm.201909874.

22. X. Wu, K. Walsh, B. L. Hoff, and G. Camci-Unal, “Mineralization of
Biomaterials for Bone Tissue Engineering,” Bioengineering 7 (2020): 132,
https://doi.org/10.3390/bioengineering7040132.

23. H. Xin, E. Tomaskovic-Crook, D. S. A. Al Maruf, et al., “From Free
Tissue Transfer to Hydrogels: A Brief Review of the Application of the
Periosteum in Bone Regeneration,” Gels 9 (2023): 768, https://doi.org/10.
3390/gels9090768.

24.]. Zhang, Y. Huang, Y. Wang, J. Xu, T. Huang, and X. Luo, “Construc-
tion of Biomimetic Cell-Sheet-Engineered Periosteum With a Double
Cell Sheet to Repair Calvarial Defects of Rats,” Journal of Orthopaedic
Translation 38 (2023): 1-11.

25.]J. Wang, G. Chen, Z. M. Chen, F. P. Wang, and B. Xia, “Current
Strategies in Biomaterial-Based Periosteum Scaffolds to Promote Bone
Regeneration: A Review,” Journal of Biomaterials Applications 37 (2023):
1259-1270, https://doi.org/10.1177/08853282221135095.

26.J. Gao, Y. Li, T. Wu, et al., “Cell Sheet-Based In Vitro Bone Defect
Model for Long Term Evaluation of Bone Repair Materials,” Biomedical
Materials 18 (2023): 065026, https://doi.org/10.1088/1748-605X/ad0477.

27. C. Liu, Y. Lou, Z. Sun, et al., “4D Printing of Personalized-Tunable
Biomimetic Periosteum With Anisotropic Microstructure for Accelerated
Vascularization and Bone Healing,” Advanced Healthcare Materials 12
(2023): 2202868, https://doi.org/10.1002/adhm.202202868.

28. L. Shariati, Y. Esmaeili, S. Haghjooy Javanmard, E. Bidram, and
A. Amini, “Organoid Technology: Current Standing and Future Per-
spectives,” Stem Cells 39 (2021): 1625-1649, https://doi.org/10.1002/stem.
3379.

29. S. Qian, J. Mao, Z. Liu, et al., “Stem Cells for Organoids,” Smart
Medicine 1 (2022): 20220007, https://doi.org/10.1002/SMMD.20220007.

30. J. Qing, Q. Guo, L. Lv, et al., “Organoid Culture Development for
Skeletal Systems,” Tissue Engineering, Part B: Reviews 29 (2023): 545-557,
https://doi.org/10.1089/ten.teb.2023.0022.

31. R. G. Harrison, “Observations on the Living Developing Nerve fiber,”
Proceedings of the Society for Experimental Biology and Medicine 4 (1906):
140-143, https://doi.org/10.3181/00379727-4-98.

32. H. V. Wilson, “A New Method by Which Sponges May Be Artificially
Reared,” Science 25 (1907): 912-915, https://doi.org/10.1126/science.25.649.
912.

33. M. Simian and M. J. Bissell, “Organoids: A Historical Perspective of
Thinking in Three Dimensions,” Journal of Cell Biology 216 (2017): 31-40,
https://doi.org/10.1083/jcb.201610056.

Exploration, 2025

150f 21


https://doi.org/10.2217/rme-2016-0042
https://doi.org/10.1302/2046-3758.73.BJR-2017-0270.R1
https://doi.org/10.1111/j.1582-4934.2005.tb00338.x
https://doi.org/10.1097/BOT.0b013e3181cec4a1
https://doi.org/10.1097/00003086-199810001-00024
https://doi.org/10.1111/jop.12998
https://doi.org/10.3928/0147-7447-20020502-04
https://doi.org/10.2106/JBJS.G.01260
https://doi.org/10.1007/s11914-022-00737-8
https://doi.org/10.1242/dev.00559
https://doi.org/10.1016/j.molimm.2023.09.010
https://doi.org/10.2106/00004623-200702000-00012
https://doi.org/10.1021/acs.biomac.1c00319
https://doi.org/10.1002/biot.202000463
https://doi.org/10.1038/s43586-022-00174-y
https://doi.org/10.1038/s41578-021-00279-y
https://doi.org/10.1002/jcb.10435
https://doi.org/10.1002/adfm.201909874
https://doi.org/10.3390/bioengineering7040132
https://doi.org/10.3390/gels9090768
https://doi.org/10.1177/08853282221135095
https://doi.org/10.1088/1748-605X/ad0477
https://doi.org/10.1002/adhm.202202868
https://doi.org/10.1002/stem.3379
https://doi.org/10.1002/SMMD.20220007
https://doi.org/10.1089/ten.teb.2023.0022
https://doi.org/10.3181/00379727-4-98
https://doi.org/10.1126/science.25.649.912
https://doi.org/10.1083/jcb.201610056

34.J. G. Rheinwald and H. Green, “Seria Cultivation of Strains of
Human Epidemal Keratinocytes: The Formation Keratinizin Colonies
From Single Cell Is,” Cell 6 (1975): 331-343, https://doi.org/10.1016/S0092-
8674(75)80001-8.

35. T. P. Silva, J. P. Cotovio, E. Bekman, M. Carmo-Fonseca, J. M. S. Cabral,
and T. G. Fernandes, “Design Principles for Pluripotent Stem Cell-Derived
Organoid Engineering,” Stem Cells International 2019 (2019): 4508470.

36. P. Buske, J. Przybilla, M. Loeffler, et al., “On the Biomechanics of
Stem Cell Niche Formation in the Gut-Modelling Growing Organoids,”
FEBS Journal 279 (2012): 3475-3487, https://doi.org/10.1111/j.1742-4658.
2012.08646.x.

37. T. Sato, R. G. Vries, H. J. Snippert, et al., “Single Lgr5 Stem Cells Build
Crypt-Villus Structures In Vitro Without a Mesenchymal Niche,” Nature
459 (2009): 262-265, https://doi.org/10.1038/nature07935.

38. N. Barker, M. Huch, P. Kujala, et al., “Lgr5+ve Stem Cells Drive Self-
Renewal in the Stomach and Build Long-Lived Gastric Units In Vitro,”
Cell Stem Cell 6 (2010): 25-36, https://doi.org/10.1016/j.stem.2009.11.013.

39. M. Huch, P. Bonfanti, S. F. Boj, et al., “Unlimited In Vitro Expansion of
Adult Bi-Potent Pancreas Progenitors Through the Lgr5/R-Spondin Axis,”
EMBO Journal 32 (2013): 2708-2721, https://doi.org/10.1038/emboj.2013.
204.

40. M. Huch, C. Dorrell, S. F. Boj, et al., “In Vitro Expansion of Single
Lgr5+ Liver Stem Cells Induced by Wnt-Driven Regeneration,” Nature
494 (2013): 247-250, https://doi.org/10.1038/naturel1826.

41. M. A. Lancaster, M. Renner, C. A. Martin, et al., “Cerebral Organoids
Model Human Brain Development and Microcephaly,” Nature 501 (2013):
373-379, https://doi.org/10.1038/naturel2517.

42.J. Wang, Y. Wu, G. Li, et al, “Engineering Large-Scale Self-
Mineralizing Bone Organoids With Bone Matrix-Inspired Hydroxyapatite
Hybrid Bioinks,” Advanced Materials 36 (2024): €2309875, https://doi.org/
10.1002/adma.202309875.

43.J. Huang, L. Zhang, A. Lu, and C. Liang, “Organoids as Innovative
Models for Bone and Joint Diseases,” Cells-Basel 12 (2023): 1590, https://
doi.org/10.3390/cells12121590.

44. P. Saglam-Metiner, S. Gulce-Iz, and C. Biray-Avci, “Bioengineering-
Inspired Three-Dimensional Culture Systems: Organoids to Create
Tumor Microenvironment,” Gene 686 (2019): 203-212, https://doi.org/10.
1016/j.gene.2018.11.058.

45. W. Li, Z. Zhou, X. Zhou, et al., “3D Biomimetic Models to Reconstitute
Tumor Microenvironment In Vitro: Spheroids, Organoids, and Tumor-on-
a-Chip,” Advanced Healthcare Materials 12 (2023): €2202609, https://doi.
org/10.1002/adhm.202202609.

46. M. R. Allen, J. M. Hock, and D. B. Burr, “Periosteum: Biology,
Regulation, and Response to Osteoporosis Therapies,” Bone 35 (2004):
1003-1012, https://doi.org/10.1016/j.bone.2004.07.014.

47.Y. Kang, L. Ren, and Y. Yang, “Engineering Vascularized Bone
Grafts by Integrating a Biomimetic Periosteum and S-TCP Scaffold,” ACS
Applied Materials & Interfaces 6 (2014): 9622-9633, https://doi.org/10.1021/
am502056q.

48. A. Szabo, A. Janovszky, L. Pocs, and M. Boros, “The Periosteal
Microcirculation in Health and Disease: An Update on Clinical Signifi-
cance,” Microvascular Research 110 (2017): 5-13, https://doi.org/10.1016/j.
mvr.2016.11.005.

49. T. Xin, J. Mao, L. Liu, et al., “Programmed Sustained Release of
Recombinant Human Bone Morphogenetic Protein-2 and Inorganic Ion
Composite Hydrogel as Artificial Periosteum,” ACS Applied Materials &
Interfaces 12 (2020): 6840-6851, https://doi.org/10.1021/acsami.9b18496.

50. N. Li, J. Song, G. Zhu, et al., “Periosteum Tissue Engineering—A
Review,” Biomaterials Science 4 (2016): 1554-1561, https://doi.org/10.1039/
C6BM00481D.

51. L. Wu, Y. Gu, L. Liu, et al., “Hierarchical Micro/Nanofibrous Mem-
branes of Sustained Releasing VEGF for Periosteal Regeneration,” Bio-

materials 227 (2020): 119555, https://doi.org/10.1016/j.biomaterials.2019.
119555.

52. T. Takebe and J. M. Wells, “Organoids by Design,” Science 364 (2019):
956-959, https://doi.org/10.1126/science.aaw7567.

53. M. Hofer and M. P. Lutolf, “Engineering Organoids,” Nature Reviews
Materials 6 (2021): 402-420, https://doi.org/10.1038/s41578-021-00279-y.

54. E. Suarez-Martinez, I. Suazo-Sanchez, M. Celis-Romero, and A.
Carnero, “3D and Organoid Culture in Research: Physiology, Hereditary
Genetic Diseases and Cancer,” Cell & Bioscience 12 (2022): 39, https://doi.
org/10.1186/513578-022-00775-w.

55. G. Pettinato, X. Wen, and N. Zhang, “Engineering Strategies for the
Formation of Embryoid Bodies From Human Pluripotent Stem Cells,”
Stem Cells and Development 24 (2015): 1595-1609, https://doi.org/10.1089/
scd.2014.0427.

56. C. Li, Y. Zhang, Y. Du, et al., “A Review of Advanced Biomaterials
and Cells for the Production of Bone Organoid,” Small Science 3 (2023):
2300027, https://doi.org/10.1002/smsc.202300027.

57.S. Toosi and J. Behravan, “Osteogenesis and Bone Remodeling: A
Focus on Growth Factors and Bioactive Peptides,” Biofactors 46 (2020):
326-340, https://doi.org/10.1002/biof.1598.

58. B. Safari, S. Davaran, and A. Aghanejad, “Osteogenic Potential of
the Growth Factors and Bioactive Molecules in Bone Regeneration,”
International Journal of Biological Macromolecules 175 (2021): 544-557,
https://doi.org/10.1016/j.ijbiomac.2021.02.052.

59. F. M. Chen, M. Zhang, and Z. F. Wu, “Toward Delivery of Multiple
Growth Factors in Tissue Engineering,” Biomaterials 31 (2010): 6279-6308,
https://doi.org/10.1016/j.biomaterials.2010.04.053.

60. V. Devescovi, E. Leonardi, G. Ciapetti, and E. Cenni, “Growth Factors
in Bone Repair,” La Chirurgia Degli Organi Di Movimento 92 (2008): 161-
168, https://doi.org/10.1007/s12306-008-0064-1.

61. S. K. Kim, Y. H. Kim, S. Park, and S. W. Cho, “Organoid Engineering
With Microfluidics and Biomaterials for Liver, Lung Disease, and Cancer
Modeling,” Acta Biomaterialia 132 (2021): 37-51, https://doi.org/10.1016/j.
actbio.2021.03.002.

62. F. Yu, W. Hunziker, and D. Choudhury, “Engineering Microfluidic
Organoid-on-a-Chip Platforms,” Micromachines 10 (2019): 165, https://
doi.org/10.3390/mi10030165.

63. S. Hao, D. Zhou, F. Wang, et al., “Hamburger-Like Biomimetic Nutri-
ent Periosteum With Osteoimmunomodulation, Angio-/Osteo-genesis
Capacity Promoted Critical-Size Bone Defect Repair,” Chemical Engineer-
ing Journal 489 (2024): 150990, https://doi.org/10.1016/j.cej.2024.150990.

64.S. Debnath, A. R. Yallowitz, J. McCormick, et al., “Discovery of
a Periosteal Stem Cell Mediating Intramembranous Bone Formation,”
Nature 562 (2018): 133-139, https://doi.org/10.1038/541586-018-0554-8.

65. O. Duchamp de Lageneste, A. Julien, R. Abou-Khalil, et al., “Perios-
teum Contains Skeletal Stem Cells With High Bone Regenerative
Potential Controlled by Periostin,” Nature Communications 9 (2018): 773,
https://doi.org/10.1038/s41467-018-03124-z.

66.B. Gao, R. Deng, Y. Chai, et al, “Macrophage-Lineage TRAP+
Cells Recruit Periosteum-Derived Cells for Periosteal Osteogenesis and
Regeneration,” Journal of Clinical Investigation 129 (2019): 2578-2594,
https://doi.org/10.1172/JCI98857.

67. X. Lin, C. Zhao, P. Zhu, et al., “Periosteum Extracellular-Matrix-
Mediated Acellular Mineralization During Bone Formation,” Advanced
Healthcare Materials 7 (2018): 1700660, https://doi.org/10.1002/adhm.
201700660.

68.Z. Li, S. Li, C. Gao, J. Liu, et al., “Continuous Manufacturing
of Bioinspired Bone-Periosteum Integrated Scaffold to Promote Bone
Regeneration,” Advanced Functional Materials 34, no. 41 (2024): 2403235.

69. C. Zhang, F. Zhao, J. Liu, et al., “Periosteum Structure/Function-
mimicking Bioactive Scaffolds With Piezoelectric/Chem/Nano Signals

16 of 21

Exploration, 2025


https://doi.org/10.1016/S0092-8674(75)80001-8
https://doi.org/10.1111/j.1742-4658.2012.08646.x
https://doi.org/10.1038/nature07935
https://doi.org/10.1016/j.stem.2009.11.013
https://doi.org/10.1038/emboj.2013.204
https://doi.org/10.1038/nature11826
https://doi.org/10.1038/nature12517
https://doi.org/10.1002/adma.202309875
https://doi.org/10.3390/cells12121590
https://doi.org/10.1016/j.gene.2018.11.058
https://doi.org/10.1002/adhm.202202609
https://doi.org/10.1016/j.bone.2004.07.014
https://doi.org/10.1021/am502056q
https://doi.org/10.1016/j.mvr.2016.11.005
https://doi.org/10.1021/acsami.9b18496
https://doi.org/10.1039/C6BM00481D
https://doi.org/10.1016/j.biomaterials.2019.119555
https://doi.org/10.1126/science.aaw7567
https://doi.org/10.1038/s41578-021-00279-y
https://doi.org/10.1186/s13578-022-00775-w
https://doi.org/10.1089/scd.2014.0427
https://doi.org/10.1002/smsc.202300027
https://doi.org/10.1002/biof.1598
https://doi.org/10.1016/j.ijbiomac.2021.02.052
https://doi.org/10.1016/j.biomaterials.2010.04.053
https://doi.org/10.1007/s12306-008-0064-1
https://doi.org/10.1016/j.actbio.2021.03.002
https://doi.org/10.3390/mi10030165
https://doi.org/10.1016/j.cej.2024.150990
https://doi.org/10.1038/s41586-018-0554-8
https://doi.org/10.1038/s41467-018-03124-z
https://doi.org/10.1172/JCI98857
https://doi.org/10.1002/adhm.201700660

for Critical-Sized Bone Regeneration,” Chemical Engineering Journal 402
(2020): 126203, https://doi.org/10.1016/j.cej.2020.126203.

70. M. Zhang, Z. Huang, X. Wang, et al., “Personalized PLGA/BCL
Scaffold With Hierarchical Porous Structure Resembling Periosteum-
Bone Complex Enables Efficient Repair of Bone Defect,” Advancement
of Science 11 (2024): e2401589, https://doi.org/10.1002/advs.
202401589.

71. X. Zhao, Y. Zhuang, Y. Cao, et al., “Electrospun Biomimetic Perios-
teum Capable of Controlled Release of Multiple Agents for Programmed
Promoting Bone Regeneration,” Advanced Healthcare Materials 13 (2024):
€2303134, https://doi.org/10.1002/adhm.202303134.

72.Y. Zhao, Y. Cai, W. Wang, et al., “Periosteum-Bone Inspired Hierar-
chical Scaffold With Endogenous Piezoelectricity for Neuro-vascularized
Bone Regeneration,” Bioactive Materials 44 (2025): 339-353, https://doi.
0rg/10.1016/j.bioactmat.2024.10.020.

73. S.Yang, Z. Chen, P. Zhuang, et al., “Seamlessly Adhesive Bionic Perios-
teum Patches via Filling Microcracks for Defective Bone Healing,” Small
Methods 7 (2023): €2300370, https://doi.org/10.1002/smtd.202300370.

74. Z. Xu, L. Wu, Y. Tang, et al., “Spatiotemporal Regulation of the Bone
Immune Microenvironment via Dam-like Biphasic Bionic Periosteum for
Bone Regeneration,” Advanced Healthcare Materials 12 (2023): 2201661,
https://doi.org/10.1002/adhm.202201661.

75.Y. Mao, Y. Chen, W. Li, et al., “Physiology-Inspired Multilayer
Nanofibrous Membranes Modulating Endogenous Stem Cell Recruitment
and Osteo-Differentiation for Staged Bone Regeneration,” Advanced
Healthcare Materials 11 (2022): e2201457, https://doi.org/10.1002/adhm.
202201457.

76. M. Wu, S. Wu, W. Chen, and Y. P. Li, “The Roles and Regulatory Mech-
anisms of TGF-8 and BMP Signaling in Bone and Cartilage Development,
Homeostasis and Disease,” Cell Research 34 (2024): 101-123, https://doi.
org/10.1038/541422-023-00918-9.

77. W. Lin, X. Zhu, L. Gao, M. Mao, D. Gao, and Z. Huang, “Osteomodulin
Positively Regulates Osteogenesis Through Interaction With BMP2,” Cell
Death & Disease 12 (2021): 147, https://doi.org/10.1038/s41419-021-03404-
5.

78. M. B. Schmidt, E. H. Chen, and S. E. Lynch, “A Review of the Effects
of Insulin-Like Growth Factor and Platelet Derived Growth Factor on In
Vivo Cartilage Healing and Repair,” Osteoarthritis and Cartilage 14 (2006):
403-412, https://doi.org/10.1016/j.joca.2005.10.011.

79. M. H. Sheng, K. H. Lau, and D. J. Baylink, “Role of Osteocyte-Derived
Insulin-Like Growth Factor I in Developmental Growth, Modeling,
Remodeling, and Regeneration of the Bone,” Journal of Bone Metabolism
21 (2014): 41-54, https://doi.org/10.11005/jbm.2014.21.1.41.

80.X. Wu, Z. Lin, J. Cui, X. Yang, H. Zhang, and R. Jing, “Effect
of the IGF-1/PI3K/AKT Pathway on the Proliferation of Mouse Bone
Marrow Mesenchymal Stem Cells Under Negative Pressure Modulation,”
Stem Cell Reviews and Reports 20 (2024): 580-582, https://doi.org/10.1007/
$12015-023-10667-2.

81. S. Graham, A. Leonidou, M. Lester, M. Heliotis, A. Mantalaris, and E.
Tsiridis, “Investigating the Role of PDGF as a Potential Drug Therapy in
Bone Formation and Fracture Healing,” Expert Opinion on Investigational
Drugs 18 (2009): 1633-1654, https://doi.org/10.1517/13543780903241607.

82. B. Osta, G. Benedetti, and P. Miossec, “Classical and Paradoxical
Effects of TNF-a on Bone Homeostasis,” Frontiers in Immunology 5 (2014):
48.

83. M. Farooq, A. W. Khan, M. S. Kim, and S. Choi, “The Role of Fibroblast
Growth Factor (FGF) Signaling in Tissue Repair and Regeneration,” Cells-
Basel 10 (2021): 3242, https://doi.org/10.3390/cells10113242.

84. S. Ye, Q. Cao, P. Ni, et al., “Construction of Microfluidic Chip Structure
for Cell Migration Studies in Bioactive Ceramics,” Small 19 (2023):
€2302152, https://doi.org/10.1002/smll.202302152.

85. S. Salehi, S. Brambilla, M. Rasponi, S. Lopa, and M. Moretti, “Devel-
opment of a Microfluidic Vascularized Osteochondral Model as a Drug

Testing Platform for Osteoarthritis,” Advanced Healthcare Materials 13
(2024): €2402350, https://doi.org/10.1002/adhm.202402350.

86. A. R. Murphy and M. C. Allenby, “In Vitro Microvascular Engineering
Approaches and Strategies for Interstitial Tissue Integration,” Acta
Biomaterialia 171 (2023): 114-130, https://doi.org/10.1016/j.actbio.2023.09.
019.

87. L. C. Ming Yang, Y. Zhuang, C. Qi, S. Meng, Z. Liu, and T. Kong,
“Multi-Material Digital Light Processing (DLP) Bioprinting of Hetero-
geneous Hydrogel Constructs With Perfusable Networks,” Advanced
Functional Materials 34 (2024): 2316456, https://doi.org/10.1002/adfm.
202316456.

88. Y. Dong, L. Yao, L. Cai, et al., “Antimicrobial and Pro-Osteogenic Coax-
ially Electrospun Magnesium Oxide Nanoparticles-Polycaprolactone
/Parathyroid Hormone-Polycaprolactone Composite Barrier Membrane
for Guided Bone Regeneration,” International Journal of Nanomedicine
18 (2023): 369-383, https://doi.org/10.2147/1IN.S395026.

89. B. Li and T. J. Webster, “Bacteria Antibiotic Resistance: New Chal-
lenges and Opportunities for Implant-Associated Orthopedic Infections,”
Journal of Orthopaedic Research 36 (2018): 22-32, https://doi.org/10.1002/
jor.23656.

90. J. A. Wright and S. P. Nair, “Interaction of Staphylococci With Bone,”
International Journal of Medical Microbiology 300 (2010): 193204, https://
doi.org/10.1016/j.ijmm.2009.10.003.

91. Z.Y. Chen, S. Gao, Y. W. Zhang, R. B. Zhou, and F. Zhou, “Antibacterial
Biomaterials in Bone Tissue Engineering,” Journal of Materials Chemistry
B9 (2021): 2594-2612, https://doi.org/10.1039/DOTB02983A.

92.J. Josse, F. Velard, and S. C. Gangloff, “Staphylococcus aureus vs.
Osteoblast: Relationship and Consequences in Osteomyelitis,” Frontiers
in Cellular and Infection Microbiology 5 (2015): 85.

93. C. R. Arciola, D. Campoccia, and L. Montanaro, “Implant Infections:
Adhesion, Biofilm Formation and Immune Evasion,” Nature Reviews
Microbiology 16 (2018): 397-409, https://doi.org/10.1038/s41579-018-0019-
y.

94. 1. Munoz-Gallego, E. Viedma, J. Esteban, et al., “Genotypic and
Phenotypic Characteristics of Staphylococcus aureus Prosthetic Joint
Infections: Insight on the Pathogenesis and Prognosis of a Multicenter
Prospective Cohort,” Open Forum Infectious Diseases 7, no. 9 (2020):
ofaa344, https://doi.org/10.1093/ofid/ofaa344.

95. C. J. Sanchez Jr., C. L. Ward, D. R. Romano, et al., “Staphylococcus
aureus Biofilms Decrease Osteoblast Viability, Inhibits Osteogenic Differ-
entiation, and Increases Bone Resorption In Vitro,” BMC Musculoskeletal
Disorders 14 (2013): 187, https://doi.org/10.1186/1471-2474-14-187.

96. B. Davido, A. Saleh-Mghir, F. Laurent, et al., “Phenol-Soluble Mod-
ulins Contribute to Early Sepsis Dissemination Not Late Local USA300-
Osteomyelitis Severity in Rabbits,” PLoS ONE 11 (2016): 0157133, https://
doi.org/10.1371/journal.pone.0157133.

97.J. M. Sadowska, K. J. Genoud, D. J. Kelly, and F. J. O’Brien, “Bone
Biomaterials for Overcoming Antimicrobial Resistance: Advances in
Non-antibiotic Antimicrobial Approaches for Regeneration of Infected
Osseous Tissue,” Materials Today 46 (2021): 136-154, https://doi.org/10.
1016/j.mattod.2020.12.018.

98. T. A. G. van Vugt, J. Geurts, and J. J. Arts, “Clinical Application
of Antimicrobial Bone Graft Substitute in Osteomyelitis Treatment:
A Systematic Review of Different Bone Graft Substitutes Available in
Clinical Treatment of Osteomyelitis,” Biomed Research International 2016
(2016): 1-9, https://doi.org/10.1155/2016/6984656.

99. A. Hogan, V. G. Heppert, and A. J. Suda, “Osteomyelitis,” Archives of
Orthopaedic and Trauma Surgery 133 (2013): 1183-1196, https://doi.org/10.
1007/s00402-013-1785-7.

100. K. Y. Hu, Z. Y. Shang, X. R. Yang, Y. J. Zhang, and L. Z. Cao,
“Macrophage Polarization and the Regulation of Bone Immunity in Bone
Homeostasis,” Journal of Inflammation Research 16 (2023): 3563-3580,
https://doi.org/10.2147/JIR.S423819.

Exploration, 2025

17 of 21


https://doi.org/10.1016/j.cej.2020.126203
https://doi.org/10.1002/advs.202401589
https://doi.org/10.1002/adhm.202303134
https://doi.org/10.1016/j.bioactmat.2024.10.020
https://doi.org/10.1002/smtd.202300370
https://doi.org/10.1002/adhm.202201661
https://doi.org/10.1002/adhm.202201457
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41419-021-03404-5
https://doi.org/10.1016/j.joca.2005.10.011
https://doi.org/10.11005/jbm.2014.21.1.41
https://doi.org/10.1007/s12015-023-10667-2
https://doi.org/10.1517/13543780903241607
https://doi.org/10.3390/cells10113242
https://doi.org/10.1002/smll.202302152
https://doi.org/10.1002/adhm.202402350
https://doi.org/10.1016/j.actbio.2023.09.019
https://doi.org/10.1002/adfm.202316456
https://doi.org/10.2147/IJN.S395026
https://doi.org/10.1002/jor.23656
https://doi.org/10.1016/j.ijmm.2009.10.003
https://doi.org/10.1039/D0TB02983A
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1093/ofid/ofaa344
https://doi.org/10.1186/1471-2474-14-187
https://doi.org/10.1371/journal.pone.0157133
https://doi.org/10.1016/j.mattod.2020.12.018
https://doi.org/10.1155/2016/6984656
https://doi.org/10.1007/s00402-013-1785-7
https://doi.org/10.2147/JIR.S423819

101. K. A. Alexander, L. J. Raggatt, S. Millard, et al., “Resting and Injury-
Induced Inflamed Periosteum Contain Multiple Macrophage Subsets
That Are Located at Sites of Bone Growth and Regeneration,” Immunol-
ogy and Cell Biology 95 (2017): 7-16, https://doi.org/10.1038/icb.2016.
74.

102. M. Gajda, D. Adriaensen, and T. Cichocki, “Development of the
Innervation of Long Bones: Expression of the Growth-Associated Protein
43,” Folia Histochemica et Cytobiologica 38, no. 3 (2000): 103-110.

103. C. Y. Li and P. Fennessy, “The Periosteum: A Simple Tissue
With Many Faces, With Special Reference to the Antler-Lineage
Periostea,” Biology Direct 16 (2021): 17, https://doi.org/10.1186/s13062-021-
00310-w.

104.J. J. Xu, Z. M. Zhang, J. J. Zhao, et al., “Interaction Between the
Nervous and Skeletal Systems,” Frontiers in Cell and Developmental
Biology 10 (2022): 976736, https://doi.org/10.3389/fcell.2022.976736.

105. R. E. Tomlinson, B. A. Christiansen, A. A. Giannone, and D. C.
Genetos, “The Role of Nerves in Skeletal Development, Adaptation, and
Aging,” Frontiers in Endocrinology 11 (2020): 646, https://doi.org/10.3389/
fendo.2020.00646.

106. S. A. T. Mitchell, L. A. Majuta, and P. W. Mantyh, “New Insights in
Understanding and Treating Bone Fracture Pain,” Current Osteoporosis
Reports 16 (2018): 325-332, https://doi.org/10.1007/s11914-018-0446-8.

107. P. Ducy, M. Amling, S. Takeda, et al., “Leptin Inhibits Bone Forma-
tion Through a Hypothalamic Relay,” Cell 100 (2000): 197-207, https://
doi.org/10.1016/S0092-8674(00)81558-5.

108. S. Takeda, F. Elefteriou, R. Levasseur, et al., “Leptin Regulates Bone
Formation via the Sympathetic Nervous System,” Cell 111 (2002): 305-317,
https://doi.org/10.1016/S0092-8674(02)01049-8.

109. Q. Q. Wan, W. P. Qin, Y. X. Ma, et al., “Crosstalk Between Bone and
Nerves Within Bone,” Advancement of Science 8 (2021): 2003390, https://
doi.org/10.1002/advs.202003390.

110. E. L. Davis, A. R. Davis, Z. Gugala, and E. A. Olmsted-Davis, “Is
Heterotopic Ossification Getting Nervous? The Role of the Peripheral
Nervous System in Heterotopic Ossification,” Bone 109 (2018): 22-27,
https://doi.org/10.1016/j.bone.2017.07.016.

111. A. H. Simpson, “The Blood Supply of the Periosteum,” Journal of
Anatomy 140, no. Pt 4 (1985): 697-704.

112. F. Simunovic and G. Finkenzeller, “Vascularization Strategies in Bone
Tissue Engineering,” Cells-Basel 10 (2021): 1749, https://doi.org/10.3390/
cells10071749.

113. A. E. Mercado-Pagan, A. M. Stahl, Y. Shanjani, and Y. Z. Yang, “Vascu-
larization in Bone Tissue Engineering Constructs,” Annals of Biomedical
Engineering 43 (2015): 718-729, https://doi.org/10.1007/s10439-015-1253-3.

114. H. P. Gerber, T. H. Vu, A. M. Ryan, J. Kowalski, Z. Werb, and N.
Ferrara, “VEGF Couples Hypertrophic Cartilage Remodeling, Ossifica-
tion and Angiogenesis During Endochondral Bone Formation,” Nature
Medicine 5 (1999): 623-628, https://doi.org/10.1038/9467.

115. J. Street, M. Bao, L. deGuzman, et al., “Vascular Endothelial Growth
Factor Stimulates Bone Repair by Promoting Angiogenesis and Bone
Turnover,” Proceedings of the National Academy of Sciences of the United
States of America 99 (2002): 9656-9661, https://doi.org/10.1073/pnas.
152324099.

116. O. Scheufler, D. J. Schaefer, C. Jaquiery, et al., “Spatial and Temporal
Patterns of Bone Formation in Ectopically Pre-Fabricated, Autologous
Cell-Based Engineered Bone Flaps in Rabbits,” Journal of Cellular and
Molecular Medicine 12 (2008): 1238-1249, https://doi.org/10.1111/j.1582-
4934.2008.00137.x.

117. M. 1. Santos and R. L. Reis, “Vascularization in Bone Tissue
Engineering: Physiology, Current Strategies, Major Hurdles and Future
Challenges,” Macromolecular Bioscience 10 (2010): 12-27, https://doi.org/
10.1002/mabi.200900107.

118. C. Li, G. Wei, Q. Gu, et al., “Donor Age and Cell Passage Affect
Osteogenic Ability of Rat Bone Marrow Mesenchymal Stem Cells,” Cell

Biochemistry and Biophysics 72 (2015): 543-549, https://doi.org/10.1007/
$12013-014-0500-9.

119. Y. Hou, W. Lin, Y. Li, et al., “De-Osteogenic-Differentiated Mesenchy-
mal Stem Cells Accelerate Fracture Healing by miR-92b,” Journal of
Orthopaedic Translation 27 (2021): 25-32.

120. W. T. Zhang, N. G. Wang, M. Yang, et al, “Periosteum and
Development of the Tissue-Engineered Periosteum for Guided Bone
Regeneration,” Journal of Orthopaedic Translation 33 (2022): 41-54.

121. C. J. Percival and J. T. Richtsmeier, “Angiogenesis and Intramem-
branous Osteogenesis,” Developmental Dynamics 242 (2013): 909-922,
https://doi.org/10.1002/dvdy.23992.

122. M. J. F. Blumer, “Bone Tissue and Histological and Molecular
Events During Development of the Long Bones,” Annals of Anatomy-
Anatomischer Anzeiger 235 (2021): 151704, https://doi.org/10.1016/j.aanat.
2021.151704.

123. R. Fu, C. Liu, Y. Yan, Q. Li, and R. L. Huang, “Bone Defect Recon-
struction via Endochondral Ossification: A Developmental Engineering
Strategy,” Journal of Tissue Engineering 12 (2021): 20417314211004211,
https://doi.org/10.1177/20417314211004211.

124. K. N. Malizos and L. K. Papatheodorou, “The Healing Potential of
the Periosteum,” Injury 36, no. Suppl 3 (2005): S13-S19, https://doi.org/
10.1016/j.injury.2005.07.030.

125. D. Gawlitta, E. Farrell, J. Malda, L. B. Creemers, J. Alblas, and W. J.
Dhert, “Modulating Endochondral Ossification of Multipotent Stromal
Cells for Bone Regeneration,” Tissue Engineering, Part B: Reviews 16
(2010): 385-395, https://doi.org/10.1089/ten.teb.2009.0712.

126. C. Zhao, W. Liu, M. Zhu, C. Wu, and Y. Zhu, “Bioceramic-Based
Scaffolds With Antibacterial Function for Bone Tissue Engineering: A
Review,” Bioactive Materials 18 (2022): 383-398, https://doi.org/10.1016/
j-bioactmat.2022.02.010.

127. S. Afewerki, N. Bassous, S. Harb, et al., “Advances in Dual Functional
Antimicrobial and Osteoinductive Biomaterials for Orthopaedic Applica-
tions,” Nanomedicine: Nanotechnology, Biology and Medicine 24 (2020):
102143, https://doi.org/10.1016/j.nan0.2019.102143.

128. K. R. Zhang, H. L. Gao, X. F. Pan, et al., “Multifunctional Bilayer
Nanocomposite Guided Bone Regeneration Membrane,” Matter-Us 1
(2019): 770-781, https://doi.org/10.1016/j.matt.2019.05.021.

129. E. Dayaghi, H. R. Bakhsheshi-Rad, E. Hamzah, et al., “Magnesium-
Zinc Scaffold Loaded With Tetracycline for Tissue Engineering Appli-
cation: In Vitro Cell Biology and Antibacterial Activity Assessment,”
Materials Science and Engineering: C 102 (2019): 53-65.

130. L. Deng, X. He, K. Xie, L. Xie, and Y. Deng, “Dual Therapy Coating
on Micro/Nanoscale Porous Polyetheretherketone to Eradicate Biofilms
and Accelerate Bone Tissue Repair,” Macromolecular Bioscience 19 (2019):
€1800376, https://doi.org/10.1002/mabi.201800376.

131. C. Chen, P. Watkins-Curry, M. Smoak, et al., “Targeting Calcium
Magnesium  Silicates for Polycaprolactone/Ceramic Composite Scaf-
folds,” ACS Biomaterials Science & Engineering 1 (2015): 94-102, https://
doi.org/10.1021/ab500011x.

132. Y. A. Qing, L. Cheng, R. Y. Li, et al., “Potential Antibacterial
Mechanism of Silver Nanoparticles and the Optimization of Orthopedic
Implants by Advanced Modification Technologies,” International Journal
of Nanomedicine 13 (2018): 3311-3327, https://doi.org/10.2147/1JN.S165125.

133. Y. H. Tian, D. H. Wu, D. K. Wu, et al., “Chitosan-Based Biomaterial
Scaffolds for the Repair of Infected Bone Defects,” Frontiers in Bioengi-
neering and Biotechnology 10 (2022): 899760, https://doi.org/10.3389/fbioe.
2022.899760.

134.J. Y. Jiao, S. T. Zhang, X. H. Qu, and B. Yue, “Recent Advances
in Research on Antibacterial Metals and Alloys as Implant Materials,”
Frontiers in Cellular and Infection Microbiology 11 (2021): 693939, https://
doi.org/10.3389/fcimb.2021.693939.

135.Z. Q. He, X. L. Zhou, Y. Wang, et al., “Asymmetric Barrier
Membranes Based on Polysaccharide Micro-Nanocomposite Hydrogel:

18 of 21

Exploration, 2025


https://doi.org/10.1038/icb.2016.74
https://doi.org/10.1186/s13062-021-00310-w
https://doi.org/10.3389/fcell.2022.976736
https://doi.org/10.3389/fendo.2020.00646
https://doi.org/10.1007/s11914-018-0446-8
https://doi.org/10.1016/S0092-8674(00)81558-5
https://doi.org/10.1016/S0092-8674(02)01049-8
https://doi.org/10.1002/advs.202003390
https://doi.org/10.1016/j.bone.2017.07.016
https://doi.org/10.3390/cells10071749
https://doi.org/10.1007/s10439-015-1253-3
https://doi.org/10.1038/9467
https://doi.org/10.1073/pnas.152324099
https://doi.org/10.1111/j.1582-4934.2008.00137.x
https://doi.org/10.1002/mabi.200900107
https://doi.org/10.1007/s12013-014-0500-9
https://doi.org/10.1002/dvdy.23992
https://doi.org/10.1016/j.aanat.2021.151704
https://doi.org/10.1177/20417314211004211
https://doi.org/10.1016/j.injury.2005.07.030
https://doi.org/10.1089/ten.teb.2009.0712
https://doi.org/10.1016/j.bioactmat.2022.02.010
https://doi.org/10.1016/j.nano.2019.102143
https://doi.org/10.1016/j.matt.2019.05.021
https://doi.org/10.1002/mabi.201800376
https://doi.org/10.1021/ab500011x
https://doi.org/10.2147/IJN.S165125
https://doi.org/10.3389/fbioe.2022.899760
https://doi.org/10.3389/fcimb.2021.693939

Synthesis, Characterization, and Their Antibacterial and Osteogenic
Activities,” Carbohydrate Polymers 273 (2021): 118525, https://doi.org/10.
1016/j.carbpol.2021.118525.

136. X. Fan, L. Yahia, and E. Sacher, “Antimicrobial Properties of the Ag,
Cu Nanoparticle System,” Biology 10 (2021): 137, https://doi.org/10.3390/
biology10020137.

137. H. Cheng, W. Xiong, Z. Fang, et al., “Strontium (Sr) and Silver
(Ag) Loaded Nanotubular Structures With Combined Osteoinductive and
Antimicrobial Activities,” Acta Biomaterialia 31 (2016): 388-400, https://
doi.org/10.1016/j.actbio.2015.11.046.

138. K. Zheng, M. I. Setyawati, D. T. Leong, and J. Xie, “Antimicrobial
Gold Nanoclusters,” ACS Nano 11 (2017): 6904-6910, https://doi.org/10.
1021/acsnano.7b02035.

139. S. Banerjee, B. Bagchi, S. Bhandary, et al., “A Facile Vacuum
Assisted Synthesis of Nanoparticle Impregnated Hydroxyapatite Com-
posites Having Excellent Antimicrobial Properties and Biocompatibility,”
Ceramics International 44 (2018): 1066-1077, https://doi.org/10.1016/j.
ceramint.2017.10.051.

140. A. Jacobs, G. Renaudin, C. Forestier, J. M. Nedelec, and S. Descamps,
“Biological Properties of Copper-Doped Biomaterials for Orthopedic
Applications: A Review of Antibacterial, Angiogenic and Osteogenic
Aspects,” Acta Biomaterialia 117 (2020): 21-39, https://doi.org/10.1016/].
actbio.2020.09.044.

141. X. Y. Wen, J. Wang, X. B. Pei, and X. Zhang, “Zinc-Based Biomate-
rials for Bone Repair and Regeneration: Mechanism and Applications,”
Journal of Materials Chemistry B 11 (2023): 11405-11425, https://doi.org/
10.1039/D3TBO1874A.

142. S. R. Li, Y. T. Cui, H. Liu, et al., “Application of Bioactive Metal Ions
in the Treatment of Bone Defects,” Journal of Materials Chemistry B 10
(2022): 9369-9388, https://doi.org/10.1039/D2TB01684B.

143. M. Godoy-Gallardo, U. Eckhard, L. M. Delgado, et al., “Antibacterial
Approaches in Tissue Engineering Using Metal Ions and Nanoparticles:
From Mechanisms to Applications,” Bioactive Materials 6 (2021): 4470-
4490, https://doi.org/10.1016/j.bioactmat.2021.04.033.

144. X. Ge, “Antimicrobial Biomaterials With Non-Antibiotic Strategy,”
Biosurface and Biotribology 5 (2019): 71-82, https://doi.org/10.1049/bsbt.
2019.0010.

145. J. M. Cordeiro, V. A. R. Barao, E. D. de Avila, J. F. A. Husch, F.
Yang, and J. J.J. P. van den Beucken, “Tailoring Cu2+-Loaded Electrospun
Membranes With Antibacterial Ability for Guided Bone Regeneration,”
Biomaterials Advances 139 (2022): 212976, https://doi.org/10.1016/j.bioadv.
2022.212976.

146. J. Roy, V. Pandey, I. Gupta, and H. Shekhar, “Antibacterial Sonody-
namic Therapy: Current Status and Future Perspectives,” ACS Biomate-
rials Science & Engineering 7 (2021): 5326-5338, https://doi.org/10.1021/
acsbiomaterials.1c00587.

147. Q. L. Xu, W. J. Xiu, Q. Li, et al., “Emerging Nanosonosensitizers
Augment Sonodynamic-Mediated Antimicrobial Therapies,” Materials
Today Bio 19 (2023): 100559, https://doi.org/10.1016/j.mtbio.2023.100559.

148. C. Y. Mao, W. Y. Jin, Y. M. Xiang, et al., “Realizing Highly Efficient
Sonodynamic Bactericidal Capability Through the Phonon-Electron
Coupling Effect Using Two-Dimensional Catalytic Planar Defects,”
Advanced Materials 35 (2023): 2208681, https://doi.org/10.1002/adma.
202208681.

149. Z. T. Chen, T. Klein, R. Z. Murray, et al., “Osteoimmunomodulation
for the Development of Advanced Bone Biomaterials,” Materials Today 19
(2016): 304-321, https://doi.org/10.1016/j.mattod.2015.11.004.

150. Z. Lin, Z. Chen, Y. Chen, et al., “Hydrogenated Silicene Nanosheet
Functionalized Scaffold Enables Immuno-Bone Remodeling,” Explo-
ration 3, no. 4 (2023): 20220149.

151. F. Zhu, S. Wang, X. Zhu, et al., “Potential Effects of Biomaterials
on Macrophage Function and Their Signalling Pathways,” Biomaterials
Science 11 (2023): 6977-7002, https://doi.org/10.1039/D3BMO1213A.

152. X. Y. Han, J. L. Shen, S. Y. Chen, et al., “Ultrasonic-Controlled
“Explosive” Hydrogels to Precisely Regulate Spatiotemporal Osteoim-
mune Disturbance,” Biomaterials 295 (2023): 122057, https://doi.org/10.
1016/j.biomaterials.2023.122057.

153. L. T. Wang, C. Q. Zhang, J. H. Zhao, et al, “Biomimetic
Targeting Nanoadjuvants for Sonodynamic and Chronological
Multi-Immunotherapy Against Holistic Biofilm-Related Infections,”
Advanced Materials 36, no. 11 (2023): €2308110.

154. Y. Y. Li, G. M. Yang, Y. T. Wang, et al., “Osteoimmunity-Regulating
Nanosilicate-Reinforced Hydrogels for Enhancing Osseointegration,”
Journal of Materials Chemistry B 11 (2023): 9933-9949, https://doi.org/10.
1039/D3TB01509B.

155. S. Y. Hao, M. K. Wang, Z. F. Yin, Y. Y. Jing, L. Bai, and J. C. Su,
“Microenvironment-Targeted Strategy Steers Advanced Bone Regener-
ation,” Materials Today Bio 22 (2023): 100741, https://doi.org/10.1016/].
mtbio.2023.100741.

156. Z.Li, C. A. Meyers, L. L. Chang, et al., “Fracture Repair Requires TrkA
Signaling by Skeletal Sensory Nerves,” Journal of Clinical Investigation 129
(2019): 5137-5150, https://doi.org/10.1172/JC1128428.

157. W. Sun, B. Ye, S. Chen, et al., “Neuro-Bone Tissue Engineering:
Emerging Mechanisms, Potential Strategies, and Current Challenges,”
Bone Research 11 (2023): 65, https://doi.org/10.1038/s41413-023-00302-8.

158. G. Zhou, W. Chang, X. Q. Zhou, et al., “Nanofibrous Nerve Conduits
With Nerve Growth Factors and Bone Marrow Stromal Cells Pre-Cultured
in Bioreactors for Peripheral Nerve Regeneration,” ACS Applied Mate-
rials & Interfaces 12 (2020): 16168-16177, https://doi.org/10.1021/acsami.
0c04191.

159. J. Mondal, S. Pillarisetti, V. Junnuthula, et al., “Hybrid Exosomes,
Exosome-Like Nanovesicles and Engineered Exosomes for Therapeutic
Applications,” Journal of Controlled Release 353 (2023): 1127-1149, https://
doi.org/10.1016/j.jconrel.2022.12.027.

160. Z. C. Hao, L. Ren, Z. Zhang, et al., “A Multifunctional Neuromodu-
lation Platform Utilizing Schwann Cell-Derived Exosomes Orchestrates
Bone Microenvironment via Immunomodulation, Angiogenesis and
Osteogenesis,” Bioactive Materials 23 (2023): 206-222, https://doi.org/10.
1016/j.bioactmat.2022.10.018.

161. Y. L. Su, Q. Gao, R. L. Deng, et al., “Aptamer Engineering Exosomes
Loaded on Biomimetic Periosteum to Promote Angiogenesis and Bone
Regeneration by Targeting Injured Nerves via JNK3 MAPK Pathway,”
Materials Today Bio 16 (2022): 100434, https://doi.org/10.1016/j.mtbio.
2022.100434.

162. A. Kode, 1. Mosialou, B. C. Silva, et al., “FOXO1 Orchestrates
the Bone-Suppressing Function of Gut-Derived Serotonin,” Journal
of Clinical Investigation 122 (2012): 3490-3503, https://doi.org/10.1172/
JCI64906.

163. M. Hayashi, T. Nakashima, M. Taniguchi, T. Kodama, A.
Kumanogoh, and H. Takayanagi, “Osteoprotection by Semaphorin
3A,” Nature 485 (2012): 69-74, https://doi.org/10.1038/nature11000.

164. Z. Zhang, P. Hu, Z. Wang, X. Qiu, and Y. Chen, “BDNF Promoted
Osteoblast Migration and Fracture Healing by Up-Regulating Integrin 31
via TrkB-Mediated ERK1/2 and AKT Signalling,” Journal of Cellular and
Molecular Medicine 24 (2020): 10792-10802, https://doi.org/10.1111/jcmm.
15704.

165. Y. F. Zhang, J. K. Xu, Y. C. Ruan, et al., “Implant-Derived Magnesium
Induces Local Neuronal Production of CGRP to Improve Bone-fracture
Healing in Rats,” Nature Medicine 22 (2016): 1160-1169, https://doi.org/10.
1038/nm.4162.

166. L. P. Wang, X. Y. Shi, R. Zhao, et al.,, “Calcitonin-Gene-Related
Peptide Stimulates Stromal Cell Osteogenic Differentiation and Inhibits
RANKL Induced NF-xB Activation, Osteoclastogenesis and Bone Resorp-
tion,” Bone 46 (2010): 1369-1379, https://doi.org/10.1016/j.bone.2009.11.
029.

167. G. Mei, Z. L. Zou, S. Fu, et al., “Substance P Activates the Wnt
Signal Transduction Pathway and Enhances the Differentiation of Mouse

Exploration, 2025

19 of 21


https://doi.org/10.1016/j.carbpol.2021.118525
https://doi.org/10.3390/biology10020137
https://doi.org/10.1016/j.actbio.2015.11.046
https://doi.org/10.1021/acsnano.7b02035
https://doi.org/10.1016/j.ceramint.2017.10.051
https://doi.org/10.1016/j.actbio.2020.09.044
https://doi.org/10.1039/D3TB01874A
https://doi.org/10.1039/D2TB01684B
https://doi.org/10.1016/j.bioactmat.2021.04.033
https://doi.org/10.1049/bsbt.2019.0010
https://doi.org/10.1016/j.bioadv.2022.212976
https://doi.org/10.1021/acsbiomaterials.1c00587
https://doi.org/10.1016/j.mtbio.2023.100559
https://doi.org/10.1002/adma.202208681
https://doi.org/10.1016/j.mattod.2015.11.004
https://doi.org/10.1039/D3BM01213A
https://doi.org/10.1016/j.biomaterials.2023.122057
https://doi.org/10.1039/D3TB01509B
https://doi.org/10.1016/j.mtbio.2023.100741
https://doi.org/10.1172/JCI128428
https://doi.org/10.1038/s41413-023-00302-8
https://doi.org/10.1021/acsami.0c04191
https://doi.org/10.1016/j.jconrel.2022.12.027
https://doi.org/10.1016/j.bioactmat.2022.10.018
https://doi.org/10.1016/j.mtbio.2022.100434
https://doi.org/10.1172/JCI64906
https://doi.org/10.1038/nature11000
https://doi.org/10.1111/jcmm.15704
https://doi.org/10.1038/nm.4162
https://doi.org/10.1016/j.bone.2009.11.029

Preosteoblastic MC3T3-El Cells,” International Journal of Molecular
Sciences 15 (2014): 6224-6240, https://doi.org/10.3390/ijms15046224.

168. L. Shi, L. Feng, M. L. Zhu, et al., “Vasoactive Intestinal Peptide
Stimulates Bone Marrow-Mesenchymal Stem Cells Osteogenesis Differ-
entiation by Activating Wnt/-Catenin Signaling Pathway and Promotes
Rat Skull Defect Repair,” Stem Cells and Development 29 (2020): 655-666,
https://doi.org/10.1089/scd.2019.0148.

169.J. Q. Wu, S. Liu, H. Meng, et al., “Neuropeptide Y Enhances
Proliferation and Prevents Apoptosis in Rat Bone Marrow Stromal Cells
in Association With Activation of the Wnt/B-Catenin Pathway In Vitro,”
Stem Cell Research 21 (2017): 74-84, https://doi.org/10.1016/j.scr.2017.04.
001.

170. P. A. Baldock, S. Lin, L. Zhang, et al., “Neuropeptide Y Attenuates
Stress-Induced Bone Loss Through Suppression of Noradrenaline Cir-
cuits,” Journal of Bone and Mineral Research 29 (2014): 2238-2249, https://
doi.org/10.1002/jbmr.2205.

171. Q. Q. Yao, H. X. Liang, B. Huang, et al., “Beta-Adrenergic Signaling
Affect Osteoclastogenesis via Osteocytic MLO-Y4 Cells’ RANKL Produc-
tion,” Biochemical and Biophysical Research Communications 488 (2017):
634-640, https://doi.org/10.1016/j.bbrc.2016.11.011.

172. A. Bajayo, A. Bar, A. Denes, et al., “Skeletal Parasympathetic Innerva-
tion Communicates Central IL-1 Signals Regulating Bone Mass Accrual,”
Proceedings of the National Academy of Sciences of the United States of
America 109 (2012): 15455-15460, https://doi.org/10.1073/pnas.1206061109.

173. T. Negishi-Koga and H. Takayanagi, “Ca 2+ -NFATcl Signaling is an
Essential Axis of Osteoclast Differentiation,” Immunological Reviews 231
(2009): 241-256, https://doi.org/10.1111/j.1600-065X.2009.00821.x.

174. J. H. Huang, Q. X. Han, M. Cai, et al., “Effect of Angiogenesis in Bone
Tissue Engineering,” Annals of Biomedical Engineering 50 (2022): 898-913,
https://doi.org/10.1007/s10439-022-02970-9.

175. Y. H. Yang, J. D. Rao, H. Q. Liu, et al., “Biomimicking Design of Arti-
ficial Periosteum for Promoting Bone Healing,” Journal of Orthopaedic
Translation 36 (2022): 18-32.

176. Y. K. Yu, Y. Wang, W. D. Zhang, et al., “Biomimetic Periosteum-Bone
Substitute Composed of Preosteoblast-Derived Matrix and Hydrogel for
Large Segmental Bone Defect Repair,” Acta Biomaterialia 113 (2020): 317-
327, https://doi.org/10.1016/j.actbio.2020.06.030.

177. T. F. Lou, K. Chen, Q. Y. Luo, C. S. Liu, Y. Yuan, and C. Y. Fan,
“Periosteum-Inspired In Situ CaP Generated Nanocomposite Hydrogels
With Strong Bone Adhesion and Superior Stretchability for Accelerated
Distraction Osteogenesis,” Biomaterials Research 26 (2022): 91, https://doi.
0rg/10.1186/s40824-022-00330-1.

178. N.Y.Li,J. Q. Song, G. L. Zhu, et al., “Periosteum Tissue Engineering—
A Review,” Biomaterials Science 4 (2016): 1554-1561, https://doi.org/10.
1039/C6BM00481D.

179. Y. H. Yang, T. P. Xu, H. P. Bei, Y. J. Zhao, and X. Zhao, “Sculpting
Bio-Inspired Surface Textures: An Adhesive Janus Periosteum,” Advanced
Functional Materials 31 (2021): 2104636, https://doi.org/10.1002/adfm.
202104636.

180. X. H. He, W. Y. Li, K. Liu, et al., “Anisotropic and Robust Hydrogels
Combined Osteogenic and Angiogenic Activity as Artificial Periosteum,”
Composites Part B: Engineering 233 (2022): 109627, https://doi.org/10.1016/
j-.compositesb.2022.109627.

181. M. Travnickova and L. Bacakova, “Application of Adult Mesenchymal
Stem Cells in Bone and Vascular Tissue Engineering,” Physiological
Research 67 (2018): 831.

182. Y. J. Kim, H. K. Kim, H. H. Cho, Y. C. Bae, K. T. Suh, and J. S. Jung,
“Direct Comparison of Human Mesenchymal Stem Cells Derived From
Adipose Tissues and Bone Marrow in Mediating Neovascularization in
Response to Vascular Ischemia,” Cellular Physiology and Biochemistry 20
(2007): 867-876, https://doi.org/10.1159/000110447.

183. H.Y. Yu, P.J. VandeVord, L. Mao, H. W. Matthew, P. H. Wooley, and S.
Y. Yang, “Improved Tissue-Engineered Bone Regeneration by Endothelial

Cell Mediated Vascularization,” Biomaterials 30 (2009): 508-517, https://
doi.org/10.1016/j.biomaterials.2008.09.047.

184. K. Hu and B. R. Olsen, “The Roles of Vascular Endothelial Growth
Factor in Bone Repair and Regeneration,” Bone 91 (2016): 30-38, https://
doi.org/10.1016/j.bone.2016.06.013.

185. K. Yamaguchi, Y. Kaji, O. Nakamura, et al., “Bone Union Enhance-
ment by bFGF-Containing HAp/Col in Prefabricated Vascularized Allo-
Bone Grafts,” Journal of Reconstructive Microsurgery 37 (2021): 346-352.

186. A. I. Caplan and D. Correa, “PDGF in Bone Formation and Regen-
eration: New Insights Into a Novel Mechanism Involving MSCs,” Journal
of Orthopaedic Research 29 (2011): 1795-1803, https://doi.org/10.1002/jor.
21462.

187. D. H. Zou, Z. Y. Zhang, J. C. He, et al., “Blood Vessel Formation in the
Tissue-Engineered Bone With the Constitutively Active Form of HIF-1a
Mediated BMSCs,” Biomaterials 33 (2012): 2097-2108, https://doi.org/10.
1016/j.biomaterials.2011.11.053.

188. J. Wang and J. Chen, “Angiogenesis Mechanism of Metal Ions and
Their Application in Bone Tissue Engineering,” Chinese Journal of Tissue
Engineering Research 28 (2024): 804-812.

189. E. O’Neill, G. Awale, L. Daneshmandi, O. Umerah, and K. W. H.
Lo, “The Roles of Ions on Bone Regeneration,” Drug Discovery Today 23
(2018): 879-890, https://doi.org/10.1016/j.drudis.2018.01.049.

190. E. Bosch-Rué, L. Diez-Tercero, J. O. Buitrago, E. Castro, and R.
A. Pérez, “Angiogenic and Immunomodulation Role of Ions for Initial
Stages of Bone Tissue Regeneration,” Acta Biomaterialia 166 (2023): 14-41,
https://doi.org/10.1016/j.actbio.2023.06.001.

191. J. H. Lee, P. Parthiban, G. Z. Jin, J. C. Knowles, and H. W. Kim,
“Materials Roles for Promoting Angiogenesis in Tissue Regeneration,”
Progress in Materials Science 117 (2021): 100732, https://doi.org/10.1016/j.
pmatsci.2020.100732.

192. R. J. van’t Hof and S. H. Ralston, “Nitric Oxide and Bone,”
Immunology 103 (2001): 255-261.

193. D. M. Evans and S. H. Ralston, “Nitric Oxide and Bone,” Journal
of Bone and Mineral Research 11 (1996): 300-305, https://doi.org/10.1002/
jbmr.5650110303.

194. Z.Z.Zhou, Y. Liu, W. J. Li, et al., “A Self-Adaptive Biomimetic Perios-
teum Employing Nitric Oxide Release for Augmenting Angiogenesis in
Bone Defect,” Advanced Healthcare Materials 13, no. 3 (2024): €2302153.

195. G. D. G. Barabaschi, V. Manoharan, Q. Li, and L. E. Bertassoni,
“Engineering Mineralized and Load-Bearing Tissues,” Advances in Exper-
imental Medicine and Biology 881 (2015): 79-84.

196. M. A. Brennan, J. M. Davaine, and P. Layrolle, “Pre-Vascularization
of Bone Tissue-Engineered Constructs,” Stem Cell Research & Therapy 4
(2013): 96, https://doi.org/10.1186/scrt307.

197.J. E. Leslie-Barbick, J. J. Moon, and J. L. West, “Covalently-
Immobilized Vascular Endothelial Growth Factor Promotes Endothelial
Cell Tubulogenesis in Poly(ethylene glycol) Diacrylate Hydrogels,” Jour-
nal of Biomaterials Science, Polymer Edition 20 (2009): 1763-1779, https://
doi.org/10.1163/156856208X386381.

198. J. E. Leslie-Barbick, J. E. Saik, D. J. Gould, M. E. Dickinson, and J.
L. West, “The Promotion of Microvasculature Formation in Poly(ethylene
glycol) Diacrylate Hydrogels by an Immobilized VEGF-Mimetic Peptide,”
Biomaterials 32 (2011): 5782-5789, https://doi.org/10.1016/j.biomaterials.
2011.04.060.

199. L. E. Bertassoni, M. Cecconi, V. Manoharan, et al., “Hydrogel
Bioprinted Microchannel Networks for Vascularization of Tissue Engi-
neering Constructs,” Lab on A Chip 14 (2014): 2202-2211, https://doi.org/
10.1039/C4LC00030G.

200. A. Nakamura, M. Akahane, H. Shigematsu, et al., “Cell Sheet
Transplantation of Cultured Mesenchymal Stem Cells Enhances Bone
Formation in a Rat Nonunion Model,” Bone 46 (2010): 418-424, https://
doi.org/10.1016/j.bone.2009.08.048.

20 of 21

Exploration, 2025


https://doi.org/10.3390/ijms15046224
https://doi.org/10.1089/scd.2019.0148
https://doi.org/10.1016/j.scr.2017.04.001
https://doi.org/10.1002/jbmr.2205
https://doi.org/10.1016/j.bbrc.2016.11.011
https://doi.org/10.1073/pnas.1206061109
https://doi.org/10.1111/j.1600-065X.2009.00821.x
https://doi.org/10.1007/s10439-022-02970-9
https://doi.org/10.1016/j.actbio.2020.06.030
https://doi.org/10.1186/s40824-022-00330-1
https://doi.org/10.1039/C6BM00481D
https://doi.org/10.1002/adfm.202104636
https://doi.org/10.1016/j.compositesb.2022.109627
https://doi.org/10.1159/000110447
https://doi.org/10.1016/j.biomaterials.2008.09.047
https://doi.org/10.1016/j.bone.2016.06.013
https://doi.org/10.1002/jor.21462
https://doi.org/10.1016/j.biomaterials.2011.11.053
https://doi.org/10.1016/j.drudis.2018.01.049
https://doi.org/10.1016/j.actbio.2023.06.001
https://doi.org/10.1016/j.pmatsci.2020.100732
https://doi.org/10.1002/jbmr.5650110303
https://doi.org/10.1186/scrt307
https://doi.org/10.1163/156856208X386381
https://doi.org/10.1016/j.biomaterials.2011.04.060
https://doi.org/10.1039/C4LC00030G
https://doi.org/10.1016/j.bone.2009.08.048

201. Y.J. Chuah, J. R. Tan, Y. Wu, et al., “Scaffold-Free Tissue Engineering
With Aligned Bone Marrow Stromal Cell Sheets to Recapitulate the
Microstructural and Biochemical Composition of Annulus Fibrosus,”
Acta Biomaterialia 107 (2020): 129-137, https://doi.org/10.1016/j.actbio.
2020.02.031.

202. X. Bai, M. Z. Gao, S. Syed, J. Zhuang, X. Y. Xu, and X. Q. Zhang,
“Bioactive Hydrogels for Bone Regeneration,” Bioactive Materials 3 (2018):
401-417, https://doi.org/10.1016/j.bioactmat.2018.05.006.

203. X. Xue, Y. Hu, Y. H. Deng, and J. C. Su, “Recent Advances in Design
of Functional Biocompatible Hydrogels for Bone Tissue Engineering,”
Advanced Functional Materials 31 (2021): 2009432, https://doi.org/10.
1002/adfm.202009432.

204. T. W. Xin, Y. Gu, R. Y. Cheng, et al., “Inorganic Strengthened
Hydrogel Membrane as Regenerative Periosteum,” ACS Applied Materials
& Interfaces 9 (2017): 41168-41180, https://doi.org/10.1021/acsami.7b13167.

205. S. Midha, M. Dalela, D. Sybil, P. Patra, and S. Mohanty, “Advances
in Three-Dimensional Bioprinting of Bone: Progress and Challenges,”
Journal of Tissue Engineering and Regenerative Medicine 13 (2019): 925-
945.

206. T. Genova, I. Roato, M. Carossa, C. Motta, D. Cavagnetto, and
F. Mussano, “Advances on Bone Substitutes Through 3D Bioprinting,”
International Journal of Molecular Sciences 21 (2020): 7012, https://doi.
0rg/10.3390/ijms21197012.

207.X. Sun, J. Yang, J. Ma, et al., “Three-Dimensional Bioprinted
BMSCs-Laden Highly Adhesive Artificial Periosteum Containing Gelatin-
Dopamine and Graphene Oxide Nanosheets Promoting Bone Defect
Repair,” Biofabrication 15 (2023): 025010, https://doi.org/10.1088/1758-
5090/acb73e.

208. A. Luraghi, F. Peri, and L. Moroni, “Electrospinning for Drug
Delivery Applications: A Review,” Journal of Controlled Release 334
(2021): 463-484, https://doi.org/10.1016/jjconrel.2021.03.033.

209. X. Feng, J. Li, X. Zhang, T. Liu, J. Ding, and X. Chen, “Electrospun
Polymer Micro/Nanofibers as Pharmaceutical Repositories for Health-
care,” Journal of Controlled Release 302 (2019): 19-41, https://doi.org/10.
1016/j.jconrel.2019.03.020.

210. C. Wang, J. Wang, L. Zeng, et al., “Fabrication of Electrospun Polymer
Nanofibers With Diverse Morphologies,” Molecules (Basel, Switzerland)
24 (2019): 834, https://doi.org/10.3390/molecules24050834.

211. Y. W. Zhu, B. Y. Dai, X. Li, et al., “Periosteum-Inspired Membranes
Integrated With Bioactive Magnesium Oxychloride Ceramic Nanoneedles
for Guided Bone Regeneration,” ACS Applied Materials & Interfaces 14
(2022): 39830-39842, https://doi.org/10.1021/acsami.2c10615.

212. R. A. Gittens, R. Olivares-Navarrete, R. Tannenbaum, B. D. Boyan,
and Z. Schwartz, “Electrical Implications of Corrosion for Osseointe-
gration of Titanium Implants,” Journal of Dental Research 90 (2011):
1389-1397, https://doi.org/10.1177/0022034511408428.

213. A. H. Rajabi, M. Jaffe, and T. L. Arinzeh, “Piezoelectric Materials
for Tissue Regeneration: A Review,” Acta Biomaterialia 24 (2015): 12-23,
https://doi.org/10.1016/j.actbio.2015.07.010.

214.Y. L. Su, L. Zeng, R. L. Deng, et al., “Endogenous Electric Field-
Coupled PD@BP Biomimetic Periosteum Promotes Bone Regenera-
tion Through Sensory Nerve via Fanconi Anemia Signaling Pathway,”
Advanced Healthcare Materials 12 (2023): 2203027, https://doi.org/10.
1002/adhm.202203027.

215. Z. Li, S. Li, C. Gao, et al., “Continuous Manufacturing of Bioinspired
Bone-Periosteum Integrated Scaffold to Promote Bone Regeneration,”
Advanced Functional Materials 34 (2024): 2403235, https://doi.org/10.
1002/adfm.202403235.

216. M. Li, J. Ma, Y. Gao, and L. Yang, “Cell Sheet Technology: A
Promising Strategy in Regenerative Medicine,” Cytotherapy 21 (2019):
3-16, https://doi.org/10.1016/j.jcyt.2018.10.013.

217. S. Robinson, J. Chang, E. Parigoris, L. Hecker, and S. Takayama,
“Aqueous Two-Phase Deposition and Fibrinolysis of Fibroblast-Laden

Fibrin Micro-Scaffolds,” Biofabrication 13 (2021): 035013, https://doi.org/
10.1088/1758-5090/abdb85.

218. H. Lin, Q. Li, and Y. Lei, “Three-Dimensional Tissues Using Human
Pluripotent Stem Cell Spheroids as Biofabrication Building Blocks,”
Biofabrication 9 (2017): 025007, https://doi.org/10.1088/1758-5090/aa663b.

219. T. Long, Z. Zhu, H. A. Awad, E. M. Schwarz, M. J. Hilton, and Y. Dong,
“The Effect of Mesenchymal Stem Cell Sheets on Structural Allograft
Healing of Critical Sized Femoral Defects in Mice,” Biomaterials 35 (2014):
2752-2759, https://doi.org/10.1016/j.biomaterials.2013.12.039.

220.D. Ma, L. Ren, Y. Liu, et al., “Engineering Scaffold-Free Bone
Tissue Using Bone Marrow Stromal Cell Sheets,” Journal of Orthopaedic
Research 28 (2010): 697-702, https://doi.org/10.1002/jor.21012.

221. P. Feng, R. He, Y. Gu, F. Yang, H. Pan, and C. Shuai, “Construction
of Antibacterial Bone Implants and Their Application in Bone Regen-
eration,” Materials Horizons 11 (2024): 590-625, https://doi.org/10.1039/
D3MHO01298K.

222.J. He, G. Chen, M. Liu, et al., “Scaffold Strategies for Modulat-
ing Immune Microenvironment During Bone Regeneration,” Materials
Science and Engineering: C 108 (2020): 110411.

223.Z. Zhang, Z. Hao, C. Xian, et al., “Neuro-Bone Tissue Engineering:
Multiple Potential Translational Strategies Between Nerve and Bone,”
Acta Biomaterialia 153 (2022): 1-12, https://doi.org/10.1016/j.actbio.2022.
09.023.

224. W. Sun, B. Ye, S. Chen, et al.,, “Neuro-Bone Tissue Engineering:
Emerging Mechanisms, Potential Strategies, and Current Challenges,”
Bone Research 11 (2023): 65, https://doi.org/10.1038/s41413-023-00302-8.

225. H. Zhang, M. Zhang, D. Zhai, et al., “Polyhedron-Like Biomaterials
for Innervated and Vascularized Bone Regeneration,” Advanced Materials
35 (2023): €2302716, https://doi.org/10.1002/adma.202302716.

226. P.P. Jung-Hwan Lee, G.-Z.Jin, J. C. Knowles, and H.-W. Kim, Progress
in Materials Science 117 (2021): 100732.

227. L. E. C. Priscilla, S. Briquez, M. M. Martino, F. M. Gabhann, and J. A.
Hubbell, Nature Reviews Materials 1 (2016): 1506.

228.Y. Lou, H. Wang, G. Ye, et al., “Periosteal Tissue Engineering:
Current Developments and Perspectives,” Advanced Healthcare Materials
10 (2021): €2100215, https://doi.org/10.1002/adhm.202100215.

Exploration, 2025

21 of 21


https://doi.org/10.1016/j.actbio.2020.02.031
https://doi.org/10.1016/j.bioactmat.2018.05.006
https://doi.org/10.1002/adfm.202009432
https://doi.org/10.1021/acsami.7b13167
https://doi.org/10.3390/ijms21197012
https://doi.org/10.1088/1758-5090/acb73e
https://doi.org/10.1016/j.jconrel.2021.03.033
https://doi.org/10.1016/j.jconrel.2019.03.020
https://doi.org/10.3390/molecules24050834
https://doi.org/10.1021/acsami.2c10615
https://doi.org/10.1177/0022034511408428
https://doi.org/10.1016/j.actbio.2015.07.010
https://doi.org/10.1002/adhm.202203027
https://doi.org/10.1002/adfm.202403235
https://doi.org/10.1016/j.jcyt.2018.10.013
https://doi.org/10.1088/1758-5090/abdb85
https://doi.org/10.1088/1758-5090/aa663b
https://doi.org/10.1016/j.biomaterials.2013.12.039
https://doi.org/10.1002/jor.21012
https://doi.org/10.1039/D3MH01298K
https://doi.org/10.1016/j.actbio.2022.09.023
https://doi.org/10.1038/s41413-023-00302-8
https://doi.org/10.1002/adma.202302716
https://doi.org/10.1002/adhm.202100215

	Periosteum Organoid: Biomimetic Design Inspired From the Bone Healing Process
	1 | Introduction
	2 | History of Organoid Development
	3 | Periosteum Organoid
	3.1 | Periosteum
	3.2 | Design of Periosteum Organoid
	3.2.1 | Basic Design
	3.2.2 | Functional Design


	4 | Application of Periosteum Organoid
	4.1 | Antibacterial Periosteum Organoid
	4.2 | Immunomodulatory Periosteum Organoid
	4.3 | Neuromodulatory Periosteum Organoid
	4.4 | Angiogenesis Periosteum Organoid
	4.5 | Osteogenesis Periosteum Organoid

	5 | Summary and Prospect
	Acknowledgments
	Conflicts of Interest
	References


