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A B S T R A C T

Background: Periosteum plays a significant role in bone formation and regeneration by storing progenitor cells,
and also acts as a source of local growth factors and a scaffold for recruiting cells and other growth factors.
Recently, tissue-engineered periosteum has been studied extensively and shown to be important for osteogenesis
and chondrogenesis. Using biomimetic methods for artificial periosteum synthesis, membranous tissues with
similar function and structure to native periosteum are produced that significantly improve the efficacy of bone
grafting and scaffold engineering, and can serve as direct replacements for native periosteum. Many problems
involving bone defects can be solved by preparation of idealized periosteum from materials with different
properties using various techniques.
Methods: This review summarizes the significance of periosteum for osteogenesis and chondrogenesis from the
aspects of periosteum tissue structure, osteogenesis performance, clinical application, and development of peri-
osteum tissue engineering. The advantages and disadvantages of different tissue engineering methods are also
summarized.
Results: The fast-developing field of periosteum tissue engineering is aimed toward synthesis of bionic periosteum
that can ensure or accelerate the repair of bone defects. Artificial periosteum materials can be similar to natural
periosteum in both structure and function, and have good therapeutic potential. Induction of periosteum tissue
regeneration and bone regeneration by biomimetic periosteum is the ideal process for bone repair.
Conclusions: Periosteum is essential for bone formation and regeneration, and it is indispensable in bone repair.
Achieving personalized structure and composition in the construction of tissue engineering periosteum is in
accordance with the design concept of both universality and emphasis on individual differences and ensures the
combination of commonness and individuality, which are expected to meet the clinical needs of bone repair more
effectively.
The translational potential of this article: To better understand the role of periosteum in bone repair, clarify the
present research situation of periosteum and tissue engineering periosteum, and determine the development and
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optimization direction of tissue engineering periosteum in the future. It is hoped that periosteum tissue engi-
neering will play a greater role in meeting the clinical needs of bone repair in the future, and makes it possible to
achieve optimization of bone tissue therapy.
1. Introduction

Periosteum is a connective tissue envelope that covers the surface of
bone. It consists of an inner layer and an outer layer containing various
cells with osteogenic potential and abundant capillaries. The complex
and multifunctional structure provides a niche for pluripotent cells and
molecular factors that modulate cell behaviour, allowing periosteum to
act as a repository. At the stage of fracture healing, osteoprogenitor cells
in periosteum differentiate into cells with osteogenic potential that
significantly promote fracture recovery. All components of periosteum
are important factors for bone development and regeneration. Moreover,
periosteum shows advanced and outstanding material properties, and its
mechanical strength, chemical properties, and biological state are the
characteristics that determine its material properties changes. However,
autologous periosteum transplantation is limited by the finite source and
the patient's health, and it is easy to cause deep tissue infection and
chronic pain at the collection site. Allogeneic periosteum transplantation
also has some disadvantages, such as immune rejection and easy path-
ogen transmission. To solve these problems, technology for efficient
artificial periosteum construction by tissue engineering methods based
on the characteristics of periosteum has emerged [1,2]. At present, the
fast-developing field of periosteum tissue engineering is aimed toward
synthesis of bionic periosteum that can ensure or accelerate the repair of
bone defects. Artificial periosteum materials can be similar to natural
periosteum in both structure and function, and have good therapeutic
potential. Induction of periosteum tissue regeneration and bone
Fig. 1. Histological hierarc
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regeneration by biomimetic periosteum is the ideal process for bone
repair. With advances in tissue-engineered periosteum, research on bi-
onic periosteum is becoming increasingly mature and reliable. Related
research on tissue-engineered periosteum not only directs the develop-
ment of bone tissue engineering, but also makes it possible to achieve
optimization of bone tissue therapy [3].

2. Histological structure of periosteum

Periosteum is a connective tissue rich in microvascular components
that covers the bone surface and is closely connected to the bone cortex
by Sharpey fibres. Some researchers divide periosteum into two layers
traditionally: outer fibrous layer with abundant fibrocytes and inner
layer with significant osteogenic potential [4]. Meanwhile, other re-
searchers divide periosteum into three layers from the outside-in on
functional and anatomical grounds: outer fibrous layer, undifferentiated
layer, and inner cambium layer [5,6] (Fig. 1). The importance of the
undifferentiated layer is that it acts as a ‘shock absorber’, transferring
pressure and tension above the physiological range to the osteogenic
layer and initiating the surface remodeling seen in situ [7].

The outer fibrous layer can be divided into two parts: superficial layer
and deep layer. The superficial layer, composed of collagen matrix and a
small amount of elastic fibres, has weak elasticity and relatively few cells,
but a rich neural network [6]. The superficial layer matrix has the highest
degree of vascularization within periosteum tissue, and is the main
source of blood supply for the bone and skeletal muscle. The deep layer,
hy of the periosteum.
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so-called fibrous elastic layer because of its many elastic fibres, is also
highly collagenous and has few cells like the superficial layer, but its
blood vessels are poorly developed. Periosteal tendon adhesion often
ends in this fibroelastic substratum [8]. The outer fibrous layer has a
fixed role of providing elasticity and flexibility, and allows resistance of
pressure and tension.

The undifferentiated layer is a relatively transparent zone mainly
occupied by capillaries and amorphous extracellular matrix (ECM). In
this layer, fibroblasts and collagen fibres are abundant. As polymorphic
cells of mesenchymal origin, pericytes partially surround the capillaries
[6]. This layer provides progenitor cells for the outer fibrous layer and
inner cambium layer and plays an essential role in regulating, supporting,
and buffering the reconstruction of bone tissue [9–11].

The inner cambium layer is highly cellular and contains a variety of
bone cells, including mesenchymal progenitor cells, differentiated oste-
ogenic progenitor cells, osteoblasts, and fibroblasts, in a sparse collage-
nous matrix. The osteoblasts make contact with the bone cortical surface
and are surrounded by small dense cells resembling fibroblasts within a
fairly extensive peripheral vascular and sympathetic network. Because of
the nature of the structure, there are many endothelial pericytes, whose
osteogenic potential has been demonstrated in numerous studies, that
can be used as a reliable auxiliary source of progenitor cells [12,13]. The
composition of periosteum tissue changes with age, and the changes are
most pronounced in this layer [14,15]. The numbers of osteoprogenitor
cells and fibroblasts decrease with age [16], and adult periosteum is just a
thin layer of tissue surrounding the bone structure [17]. The change is
most pronounced in the inner cambium layer. Although periosteum
changes during development, it is significant for bone remodelling and
bone repair. For mechanical reasons, direct periosteum stimulation
therapy may yield better anti-fracture efficacy than drugs targeting
endosteal and trabecular cell populations [15].

Periosteal circulation is essential for the process of bone vasculari-
zation. Abundant blood supply provides not only sufficient nutrients for
periosteum growth, but also necessary nutrients and cells for bone repair
[18,19]. There are four main sources of periosteum blood supply. The
first is the intrinsic periosteal system spread over the periosteum fibrous
layer. The second is the musculoperiosteal system formed by connections
between the muscle circulation and periosteal vessels at the muscle
source. The third is the fascioperiosteal system consisting of limb artery
branches at the fascial level between the muscles that supply the peri-
osteum. The fourth is periosteocortical anastomoses that can attach
periosteum and form a capillary network with blood vessels inside Ha-
versian canals, passing into the bone marrow capillary network inside to
achieve nutrition and moistening [5,19].

The nerve fibres in periosteum are predominantly unmyelinated
nerve fibres, and their free nerve endings may be associated with
perception of pain. Peptogenic nerves containing substance P are highly
expressed after periosteum injury, resulting in sensitivity and persistent
pain. Periosteum also has nerve fibres containing vasoactive intestinal
peptides that regulate the capillary sphincter to control vascular tension
and blood flow, but the specific mechanism remains to be clarified [20].

3. Function of periosteum

Periosteum is extremely important in the process of osteogenesis, it
can not only provide needed substances and cells in the osteogenesis
stage [21,22], but also play a role of bone repair under the stimulation of
biological regulatory factors [23–25].At the same time, periosteum can
also promote osteogenesis under mechanical stimulation [26].

3.1. Periosteum provides nutrients and cells with differentiation potential
for the osteogenesis stage

Periosteum has an abundant capillary system that can provide oxy-
gen, minerals, and other materials needed to rebuild bone tissue, while
its vascular network is the guarantor of bone vascularization [21].
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Periosteum also contains various cells with osteogenic potential, and
after its stimulation by physical, chemical, or biological factors, mesen-
chymal stem cells (MSCs) rapidly differentiate into cells such as osteo-
progenitor cells, osteoblasts, and chondroblasts. Factors like low oxygen
concentration, low intensity pulse, donor age, and bone morphogenetic
protein (BMP) concentrations all affect the osteogenic differentiation
process of MSCs [22]. Meanwhile, the differentiation process for osteo-
blasts is mainly affected by genetic factors [27], hormone levels, and cell
regulatory factors. Osteoblasts express receptors that regulate osteogenic
factors such as parathyroid hormone, prostaglandin, and epinephrine,
and the related factors can regulate the differentiation degree of osteo-
blasts and their precursors by binding to the receptors surrounding os-
teoblasts, thus participating in the repair and reconstruction of bone
tissue.

3.2. Periosteum participates in bone repair under stimulation by osteogenic
factors

By stimulating and regulatingMSCs, osteoblasts, and chondroblasts in
periosteum, osteogenic growth factors affect the expression levels of
genes such as RANKL and SOST [28], and participate in the repair and
reconstruction of bone tissue to varying degrees, thereby promoting
osteogenesis [29].

BMPs comprise a group of highly conserved soluble bone matrix
glycoproteins with similar structures. Studies have shown that BMPs can
upregulate the expression of the osteogenic lineage genes, osterix (OSX)
and osteocalcin (OCN) significantly, and also induce Runt-related tran-
scription factor 2 (Runx2) expression in mesenchymal progenitors in a
Smad-dependent manner [30]. Proper amounts of BMPs not only accel-
erate osteogenesis at bone defect sites [31], improve the success rate of
bone non-union healing [32], and promote the generation of blood
vessels at bone repair sites [31,33], but also reduce the occurrence of
complications such as infections and pain associated with fracture [32].

Insulin-like growth factor (IGF)-1 significantly affects the expression
of OSX, and promotes the expression of osteoblast marker genes. IGF-1 is
a critically important regulator of bone mechanosensitivity, the
osteocyte-derived IGF-1 is an important mediator of the osteogenic
response to loading. Also it acts as an autocrine effector to rapidly
upregulate cyclooxygenase-2 and Wnt10b expression, and at the same
time to suppress SOST expression. The IGF-1 and prostaglandin E2 have a
synergistic effect on bone surface osteoblasts to activate corresponding
pathways in turn [34]. IGF-1 is involved in the normal metabolism of
cartilage and the formation and repair of chondrocytes after cartilage
injury. It is indispensable for bone repair and reconstruction, as shown by
a study that employed the skull of IGF-1 gene knockout mice as a bone
defect model and found a 14% reduction in the healed tissue thickness
compared with control mice [35].

Transforming growth factor (TGF)-β, which promotes the prolifera-
tion and differentiation of osteoblasts in periosteum, mainly exists in
platelets and bone tissue. TGF-β2 functions as a morphogenetic inducer
for mesenchymal progenitors and macrophages such as osteal macro-
phages, osteoclasts or chondroclasts,TGF-β2 and RANKL may carry out a
synergistic effect on osteoclast precursors. Metalloproteinases, related to
inflammation, are also one of potential downstream genes of TGF-β
signaling [36].It not only participates in the process of bone resorption by
osteoclasts and the formation of new cartilage, but also induces endo-
chondral angiogenesis, promotes vascular activity, and accelerates
osteogenesis efficiency [37,38]. The role of TGF-β in modulating angio-
genesis is associated with distinct TGF-b type І receptor/Smad pathways
[37].

3.3. Periosteum promotes osteogenesis under mechanical stimulation

Normally, before the stress is applied, periosteum is in a state of
tension, which acts as an elastic membrane to inhibit the growth of
cartilage and is maintained by the elastic properties of fibrous
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periosteum. When the bone bends, the periosteum tends to contract.
Because the connection between the periosteum and the bone is main-
tained, the tension is transmitted to the bone surface. It has been proved
that changes in bones during bending is not only the result of internal
strain of bones, but also the result of transformation of bones wrapped in
soft tissues. The relative movement of bone causes the tension of peri-
osteum, leading to the formation of new bone. In order to remodel the
bone, the mechanical stress exerted on the periosteum will eventually be
transformed into a cellular response. The periosteum changes with stress,
and osteoblasts rearrange along the direction of tension decomposition,
which may be influenced by the force passing through the mid and outer
layers of periosteum. Delayed reaction and obvious structural changes in
the mid zone further indicate that this layer can play a buffering role, so
the undifferentiated layer plays an important regulatory role in bone
remodeling [7,39]. At the same time, under the action of mechanical
stimulation, periosteum can also induce the gene expression changes of
Wnt signaling pathway, BMP signaling pathway and various cytokines,
and jointly promote the differentiation and osteogenesis of osteoblasts
[26,40,41].

4. Periosteum-mediated forms of osteogenesis

After fracture occurrence, a hematoma is formed, and chemotaxis is
activated by the release of molecules such as growth factors, cytokines,
and interleukins. The periosteum cambium cells proliferate and differ-
entiate to produce different effects on different parts of the blood supply,
new bone forms distal to the fracture site with sufficient blood supply,
and cartilage forms at the fracture site with insufficient blood supply.
Subsequently, new angiogenesis is observed, thereby promoting blood
supply, cartilage absorption, and bone formation through endochondral
osteogenesis(Fig. 2).
4.1. Two main types of periosteum osteogenesis: intramembranous
ossification and entochondrostosis

Intramembranous ossification is relatively simple. When bone tissue
is damaged, mesenchyme differentiates into an embryonic connective
tissue membrane and osteogenesis occurs within this membrane. When
periosteum is in contact with the hematoma at a fracture site, MSCs in
Fig. 2. Diagram of bone and blood
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periosteum differentiate into osteoprogenitor cells that subsequently
form osteoblasts. Osteoblasts secrete and embed osteoid, and the osteoid
matrix is calcified to form bone tissue(Fig. 3).

Endochondral bone repair is one of the important forms of bone
repair and the main form of osteogenesis after bionic periosteum im-
plantation [42]. During this period, periosteum plays a major role. After
fracture occurrence, the hematoma develops gradually and is stabilized
by the surrounding soft tissue, followed shortly thereafter by stabilization
through the reconstructed periosteum fibrous layer. In the area with
favourable blood supply around the fracture, the inner cambium layer
cells proliferate and differentiate, forming a bone collar by membranous
ossification. Near the fracture, the inner cambium layer of periosteum
generates a large number of chondrocytes, followed by recurrence of
foetal bone formation through an endochondral ossification process.
Finally, the cartilage is replaced with bone tissue [43](Fig. 3).

The undifferentiated progenitor cells retained on the bone surface
eventually form periosteum by the intramembranous ossification
pathway, while surrounding perichondrium is mainly formed by the
endochondral osteogenesis pathway. Thereafter, perichondrium can be
transformed into periosteum by an appropriate developmental regulation
mechanism [44]. A previous study showed that, compared with bone
marrow stem cells (BMSCs), periosteum-derived cells (PDCs) show better
bone regeneration potential, clone growth, and differentiation ability
[45].
4.2. The ECM of periosteum cooperates with osteogenesis

The ECM of periosteum is important for the process of osteogenesis by
providing microstructures and appropriate biochemical signals for cell
differentiation and maturation. In addition, the ECM effectively mediates
acellular mineralization during bone formation, and promotes regener-
ation in situ and heterotopic ossification of bone defects [46].

Periosteum fibres are important components of the periosteum ECM,
as the gaps between collagen fibrils in decellularized natural periosteum
ECM scaffolds allow enrichment of calcium, phosphate, and carbonate
ions, further inducing formation of apatite. The collagen matrix also
stabilizes the precursor crystals, thereby controlling the physical char-
acteristics of growing apatite particles [46]. The Sharpey fibres in peri-
osteum are one of the main elements for ECM regulation because they
vessel formation after fracture.
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modify the “quality” of the bone matrix structure they occupy. Above all,
the fibres provide an unabridged scaffold for skeletal self-repair [47].
Many growth factors are also present in the ECM, such as BMP-2, IGF-1,
and TGF-β, and these factors have an irreplaceable role in bone repair
[32,35,37].
4.3. Periosteal vascular remodelling promotes osteogenesis

The abundant blood supply of periosteum not only meets its own
metabolic needs, but also nourishes the surrounding bone tissue through
vascular branches. After bone tissue damage occurs, periosteal vessels
appear at the corresponding site. The new blood vessels quickly connect
with one another to establish a new microcirculation that provides a
blood transport basis for the formation of new bone. As mentioned above,
periosteum is highly vascular. The pericytes in the postcapillary venules
in periosteum can proliferate and differentiate into osteoblasts and
become a supplementary source of osteoblasts during periosteum
osteogenesis [48].

5. Application of periosteum osteogenesis in related fields

5.1. Periosteum-induced osteogenesis

Periosteum-induced osteogenesis is involved in the repair of small
local bone defects through self-proliferation of periosteum at the broken
ends of the fracture. In a study to determine the smallest canine mandible
defect that would not show spontaneous healing in nature, presence of
periosteum was associated with fast healing in small mandible defects
and difficulty in healing for defects >50 mm in diameter, while removal
of periosteum was associated with failure to heal for defects >15 mm in
diameter [49]. Periosteum-induced osteogenesis has the characteristics
of reduced trauma and simple operation, but the method is less osteo-
genic and slower than other methods such as periosteal distraction
osteogenesis and periosteum transplantation.
5.2. Periosteal distraction osteogenesis

Periosteal distraction osteogenesis takes advantage of periosteum
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osteogenesis by gradually expanding the periosteum to artificially create
space between the bone surface and the periosteum, leading to new bone
generation without the need for corticotomy [50]. When traction force is
applied to the bone fracture, undifferentiated MSCs in periosteum
differentiate into highly active osteoblasts, and the newly formed bone
tissue repairs the bone defect after a series of reactions such as calcifi-
cation and remodelling. Similarly, when tension is located on periosteum
at both ends of the bone defect, it promotes expression of osteoblasts, and
gradual retraction of periosteum leads to formation of a gap below the
periosteum that becomes invaded by the surrounding soft tissue, thereby
stimulating the periosteum again and accelerating osteoblast secretion
and new bone formation [51].
5.3. Bone formation by periosteum transplantation

Periosteum grafts include free periosteum grafts and vascularized
periosteum grafts. The former grafts are less osteogenic than the latter
grafts because of the influence of the regional blood supply. For example,
Ritsila et al. [52] successfully repaired congenital maxillary defects in a
rabbit model with free periosteum grafts and then performed spinal
fusion in the same rabbit model, and found that, compared with tradi-
tional spinal fusion, spinal fusion with free periosteum grafts reduced the
incidence of postoperative complications. Meanwhile, Ritsila et al. [53,
54] used vascularized periosteum grafts to repair rabbit tibial bone de-
fects, and found that more bone was generated in the vascularized
periosteum transplantation group. The method of osteogenesis by peri-
osteum transplantation expands the scope of periosteum transplantation,
increases the selection of the donor area, improves local blood circulation
at the wound surface, and plays the role of a biomembrane to prevent the
surrounding soft tissue from entering the bone defect area, which is
conducive to bone healing.
5.4. Clinical application of periosteum

Implantation of periosteum to repair bone defects and accelerate bone
formation has had limited success in clinical trials. Yang et al. [55] used
autogenous periosteum transplantation to repair large cartilage defects in
hip and knee joints, and observed long-term efficacy. Of the 52 patients
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evaluated, 37 had normal joint function and good radiographic perfor-
mance during a complete follow-up of >10 years, confirming the role of
autogenous periosteum in promoting the repair of articular cartilage.
Other researchers used vascularized periosteal flap intramedullary
transplantation to repair femoral neck fractures in young and
middle-aged patients. During follow-up of 47 patients, fracture healing
was found without femoral head necrosis, and it was concluded that a
vascularized periosteal flap could reconstruct the blood supply at the
injury site, play the role of periosteum osteogenesis, and promote frac-
ture healing [56]. At present, there are few reports on the clinical use of
periosteum, and comprehensive understanding of its clinical effects is
lacking. However, natural periosteum transplantation and repair
methods are improving. For example, stimulation by various growth
factors can improve the osteogenic performance of periosteum.

5.5. Periosteum tissue engineering

Tissue-engineered periosteum is widely studied at present. The pro-
cedure involves culture and augmentation of seed cells in vitro, followed
by inoculation of the expanded seed cells onto a scaffold material once a
sufficient number of cells has been acquired. The scaffold material
complexed with growth factors is implanted into the bone defect. As the
scaffold material gradually becomes degraded and absorbed by the body,
the seed cells gradually form new bone tissue with normal physiological
structure and function, and finally achieve the purpose of bone defect
repair. At present, tissue-engineered periosteum is usually transplanted
into the recipient by tamping. However, insufficient local nutrient supply
and accumulation of metabolites in the recipient can lead to the death of
a large number of the seed cells. The scaffold may also become com-
pressed and deformed, thereby failing to play its roles of support and
protection. Therefore, the focus of tissue-engineered periosteum tech-
nology is gradually shifting toward artificial bionic periosteum, to
improve the macroscopic and microscopic structures of periosteum as
well as its vascularization.

Different types tissue-engineered periostea have their own charac-
teristics. First, the ossification of periosteum varies from species to spe-
cies. For example, during in vitro experiments, cells derived from rabbit
Fig. 4. The composition and classification of tissue engineering periosteum.AMSCs a
pulp stem cells, GelMA methacrylate gelatin, PCL polycaprolactone, PDCs periosteum
synthetic scaffold periosteum, VEGF vascular endothelial growth factors.

46
periosteum and human periosteum have different osteogenic potential.
Human periosteum cells are relatively normal at the late stage of osteo-
genesis, while rabbit periosteum cells initiate an osteoclast program [57].
Second, the osteogenic potential of periosteum varies in relation to
different cell source sites within the same body. Studies have shown that
different parts of the body have different types and powers of osteo-
genesis. For example, tibial periosteum can form new bone through two
mechanisms, intramembranous ossification and entochondrostosis,
while skull periosteum can only form new bone through intra-
membranous ossification. In addition, the osteogenic ability of tibial
periosteum is far stronger than that of skull periosteum [12,13]. Third,
because the amounts of cambium layer cells can vary, the osteogenic
capacity of periosteum can differ among different regions within the
same bone [58].

6. Composition and application of tissue-engineered periosteum

Various active components of periosteum can directly or indirectly
participate in the process of physiological osteogenesis through specific
mechanisms. To accelerate the process of bone repair after bone injury,
components of tissue engineering, including cells, scaffolds, and bioac-
tive factors, have been applied individually or in combination. For
different cases, complete fresh periosteum or composite membranes
constructed according to the requirements of different components are
available. The application of periosteum structure in tissue engineering is
becoming increasingly diversified.

6.1. Cells

At present, there are two ways to implant cells into the body. One is to
connect the cells directly to a scaffold, and the other is to form a cell sheet
in vitro to improve the adhesion rate, and then use the sheet directly or
attach it to a scaffold [59]. The cells applied for tissue engineering of
periosteum include PDCs [60], skeletal stem cells [61], BMSCs [62],
adipose mesenchymal stem cells (AMSCs), and dental pulp stem cells
[63] (Fig. 4). PDCs have the strongest osteogenic differentiation poten-
tial, while BMSCs have relatively weak ability for osteogenesis. Although
dipose mesenchymal stem cells, BMSCs bone marrow stromal cells, DSCs dental
derived cells, PDGF-BB platelet-derived growth factor-BB, PLLA L-lactic acid, SSP
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the osteogenic capacity of AMSCs is also relatively weak, these cells have
been widely used because of their favourable characteristics such as easy
isolation, relative abundance, rapid expansion, and multipotency [64,
65]. Meanwhile, addition of endotheliocytes can promote the formation
of microvessels during periosteum-mediated bone repair [66], and
vascular pericytes have the same potential in tissue engineering.

Many reports have demonstrated that the differentiation potential of
the same cell type can vary depending on differences in species, pre-
conditioning, and origin within the same organism [13,67–69].

6.2. Scaffolds

For tissue engineering of periosteum, scaffolds provide a three-
dimensional structure for cell adhesion and a suitable microenviron-
ment to support cell function and facilitate interactions between cells.
Scaffolds are divided into endogenous and exogenous scaffolds.

Endogenous scaffolds are the ideal biological scaffolds because of
their high biocompatibility and lack of immunogenicity. Periosteum
ECM, the most common endogenous scaffold, is the remnant of perios-
teum after all of the cellular components are removed, leaving just the
ECM microstructure and bioactive factors.

Initially, exogenous scaffolds were only employed to simulate the
spatial structure of the ECM, and included tricalcium phosphate (TCP)
[70], polylactic acid, polycaprolactone (PCL), and chitosan [66] (Fig. 4).
Subsequently, drugs, key factors, BMP-2, and vascular endothelial
growth factor (VEGF) were attached to the scaffolds or attached to cap-
sules, particles, and other structures to achieve the effect of controlled
release, to provide suitable conditions for new bone formation and make
the cells more osteogenic [71,72]. However, abnormalities in the phys-
iological levels of bioactive factors can produce serious side effects [73],
such as inflammation and immune responses [74], excessive osteo-
genesis, and ectopic osteogenesis [75].

6.3. Vasoactive component

Vascular periosteal flaps can accelerate bone healing in the host after
allogeneic bone transplantation, reducing the risk of non-union. How-
ever, due to the lack of donors as well as the issue of postoperative
infection in allograft bone, the application of vascularized periosteal flaps
is problematic. An endogenous-exogenous composite bionic periosteum
has wide application prospects for triggering periosteum and bone
regeneration. Taking advantage of collagen self-assembly and micro-sol
electrospinning technologies, Wu et al. [76] created a hierarchical
micro/nanofibrous bionic periosteum with sustained release of VEGF.
Serving as an exogenous vascularized fibrous layer of periosteum, it can
induce the endogenous cambium layer in vivo, leading to complete
regeneration of periosteum and bone tissue. VEGF encapsulated in a core
shell structure composed of hyaluronan and L-lactic acid (hyalur-
onan-PLLA) was confirmed to be released in a sustained manner in the
fibrous layer and bone defect areas for angiogenesis. Using a
polydopamine-assisted technique, Li et al. [33] constructed a function-
alized periosteum consisting of an electrospun scaffold grafted with a
leptin receptor antibody and BMP-2-loaded hollow MnO2 nanoparticles,
and observed growth of osteogenic conjugated capillaries into the bone
repair site. Upon further evaluation of the osteogenic microenvironment,
they found different PDGF-BB expression levels in the scaffold compared
with other groups and similar results for type H capillaries, finally
coming to the conclusion that osteoblasts induced by the transplanted
periosteum promoted preosteoclast secretion of PDGF-BB that guided
growth of H-type capillaries to the osteogenic microenvironment(Fig. 4).

There is increasing evidence that the strategy for using organic
combinations of different types of bionic periosteum with angiogenesis-
promoting activity may provide a solution to the clinical problem of
insufficient donor grafts.
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7. Classification of bionic periosteum

Autologous periosteum transplantation is limited by the restricted
tissue source and fitness of the patient, as well as the possibility of deep
tissue infection and chronic pain at the collection site [77]. In allogeneic
periosteum transplantation, problems such as immune rejection and
pathogen transmission cannot be completely avoided [78]. To solve these
problems as much as possible, development of efficient bionic perios-
teum is constantly evolving. With the aim of achieving bionic periosteum
creation, artificial periosteum materials obtained by periosteum tissue
engineering technology resemble the natural periosteum in structure and
function, and have wide therapeutic potential. Artificial periostea can be
divided into three categories: cell-sheet artificial periosteum, acellular
scaffold artificial periosteum, and synthetic scaffold artificial periosteum.
7.1. Cell-sheet artificial periosteum

The cell-sheet technology was developed earlier than other technol-
ogies and its preparation process is relatively simple. The target cells are
cultured in vitro to proliferate and fuse, and various ECM components are
induced to form a complete and robust tissue sheet. This technique only
requires extraction of a small number of cells through a microinvasive
operation that causes little damage to the body(Fig. 4).

Cells in human mandibular periosteum have been extracted and
cultured to form sheet structures. Grafts with human cultured periosteum
(HCP) sheets, platelet-rich plasma, and hydroxyapatite granules were
incorporated into the treatment of infrabony periodontal defects, with
continuous follow-up and investigation by Okuda et al. [23], who found
that the depth of detection, clinical attachment, and bone filling on im-
aging were all significantly improved at 5 years post-surgery. The study
also proved the potential of HCP sheets as an active drug delivery system
that could favourably influence cellular functions and serve as a seed for
ectopic bone formation near the implantation site by producing impor-
tant growth factors related to periodontal regeneration. Fu et al. [78]
found that new bone formation for spine fusion was facilitated by use of
BMSC-loaded TCP wrapped with a PDC-loaded artificial cell sheet. They
demonstrated that this multifunctional multisubstance composite mem-
branous scaffold could not only form a periosteum-bone biomimetic graft
at the defect site, but also allow PDCs and BMSCs to interact in a probable
co-culture environment. Scanning electron microscope (SEM) analysis
showed that PDCs grew on the artificial electrospun mesh cell sheet and
had good adhesion. The electrospun mesh cell sheet provided a
three-dimensional structure and an effective method of delivering PDCs
for migration, adhesion, and proliferation (Table 1).

Wrapping an MSC sheet around a bone defect or a regenerated scaf-
fold is a simple way to achieve cell culture through attachment to an
exogenous scaffold, because the adhesion of cultured cells is particularly
important. In the past, enzyme digestion would destroy any growth
factors and other substances produced during the process of cell culture,
and the resulting cell suspension would be unable to achieve the purpose
of limited and specific transplantation due to its fluidity, with a corre-
sponding effect on the utilization of the cells. However, the cell sheet
technology ensures that cell membrane surface proteins such as cytokine
receptors remain undamaged and that the ECM is retained, thereby
maintaining the cell-specific phenotype. Compared with cell suspension,
and due to its physical properties, the local cell inoculation rate in a cell
sheet is greatly improved, and an environment for subsequent growth
and differentiation of the cells is established. With the development of
the technology, cell sheets have gradually upgraded from a single layer to
a double layer or even multiple layers, from a single cell to multiple cells,
from unidirectional differentiation to multidirectional differentiation,
from in vitro experiments to animal experiments, and even clinical
application. Nevertheless, the cell density in a cell sheet is high, espe-
cially when multiple layers are overlapped, and there may be insufficient
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nutrients and oxygen in the sheet, possibly leading to necrosis of the
central cells. In addition, a monolayer cell sheet is too thin for easy
transfer. These issues remain to be resolved in further studies.
7.2. Acellular scaffold artificial periosteum

Based on effective removal of the immunogenic cellular components
from the natural tissue, this material retains the natural internal three-
dimensional scaffold structure and a large number of effective compo-
nents such as structural proteins, specialized proteins, proteoglycans, and
growth factors. The resulting tissue with unique internal structures and
natural components cannot be perfectly replicated by current synthetic
materials(Fig. 4).

Zhao et al. [79] developed a self-made tissue-engineered periosteum
that plays a role for osteogenesis and angiogenesis at bone defects. Their
tissue-engineered periosteum is a flexible cellular construct made by
combining osteogenic-induced rabbit MSCs with an acellular scaffold of
small intestinal submucosa (SIS). They used this method to successfully
reconstruct critical-size defects in long bones, as well as large irregular
defects in rabbit models. Next year, his team also confirmed that the
effect of acellular SIS combined with MSCs in treating large long bone
defects was better than that of allogeneic materials [80]. He et al. [81,82]
focused on the preparation of acellular sheep periosteum ECM material,
and explored the potential application of the material for guided bone
regeneration. They decellularized sheep periosteum and then inoculated
the acellular periosteumwith mouse MC3T3-E1 cells. Subsequently, they
recorded the whole cell adhesion process by SEM. In the material char-
acterization experiment, CCK-8 assays showed that the acellular perios-
teum had no toxic effect on preosteoblasts, and instead exerted a positive
effect on cell proliferation. Alkaline phosphatase and quantitative
real-time PCR (COL I, Runx2, OCN) assays were used to detect the
osteogenic induction activity of acellular periosteum. The results showed
that, unlike fresh sheep periosteum, acellular sheep periosteum did not
cause serious immunogenic responses through the Th1 pathway. In a
nutshell, acellular sheep periosteum had good biocompatibility and
could be used to guide bone regeneration. Human amniotic membrane
(HAM), the innermost layer of the placenta, has strong anti-fibrosis
characteristics and immune inertia, and is an easily accessible and
valuable tissue [83]. Ghanmi et al. [84] transplanted fresh acellular HAM
into 40 rabbits, and found that replacement of periosteum with fresh
acellular HAM promoted bone regeneration in critical-size bone defects,
albeit with a different additive effect to that of natural periosteum
(Table 1).

The principle of acellular technology is to remove immunogenic
substances effectively and retain nonimmunogenic ECM to the greatest
Table 1
The research of cell-sheet and acellular scaffold artificial periosteum.

Year Team Materials and technology Achievement

2013 Okuda et al. [23] HCPþ PRPþ HA Clinical attachment and ima
were all significantly impro
postsurgery

2019 Fu et al. [78] BMSCs-loaded TCPþ PDCs-
loaded cell sheet

Promoted spinal fusion and

2018 Ghanmi et al. [84] Fresh acellular HAM Promoted bone regeneration
of bone defect

2020 Zhao et al. [79] Acellular scaffold of SISþ
Rabbit MSCs

Reconstructed the critical si
bone, and repaired large irr

2020 He et al. [81] Acellular sheep
periosteumþ Mouse
MC3T3-E1 cells

Acellular sheep periosteum
activity and no cytotoxicity

2021 Zhao et al. [80] Acellular scaffold of SISþ
MSCs

The therapeutic effect of MS
acellular membrane was be
bone materials

BMSCs bone marrow stromal cell, HA hydroxyapatite, HAM human amniotic mem
periosteum derived cells, PRP platelet-rich plasma, SIS small intestinal submucosa, T
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extent. Based on the structural and biochemical characteristics of the
acellular tissue, acellular ECM has specific induction activity [85]. The
residual components of mammalian periosteum after decellularization
are similar and include a number of growth factors such as BMPs that can
induce differentiation and osteogenesis of cells. In addition, the surface
morphology and internal three-dimensional pore system facilitate cell
migration, proliferation, and differentiation. The main problem for use of
an acellular scaffold lies in its antigenicity, which mainly comes from
non-collagen proteins in both heterogeneous or allogeneic periosteum.
Therefore, after processes such as decellularization, the antigenicity of
residual materials must be reduced and the risk of infectious diseases
must be eliminated. However, if the degree of deproteinization is insuf-
ficient, some antigenicity will be retained and possibly lead to serious
immune reactions. Currently, there are no effective methods for
removing non-collagen proteins without affecting collagen proteins.
7.3. Synthetic scaffold periosteum

Synthetic scaffold periosteum material (SSP) is simple to produce in
vitro. It can effectively avoid immune diseases caused by acellular matrix
periosteum materials and reduce the chance of carrying pathogens into
the body. SSP can be divided into two categories: monolayer SSP and
multilayer SSP(Fig. 4).

7.3.1. Monolayer SSP
A hydrogel is a gel with a strong hydrophilic three-dimensional

network structure. Because hydrogels contain water internally and
allow free transport of nutrients and metabolic wastes, they are an
effective means to simulate the ECM of periosteum, thereby enhancing
the control and safety of exogenous periosteum application. Methacrylate
gelatine (GelMA) is a mature hydrogel material that is rich in RGD se-
quences and facilitates cell adhesion. The monolayer structure of GelMA
covers the bone injury area and promotes the process of bone repair.
However, its excellent hydrophilicity leads to difficulty in the sustained-
release function [86,87]. Xin et al. [88] initially modified GelMA by
amination, and then cross-linked mesoporous bioglass nanoparticles
(MBGNs) with rhBMP-2 by amide bonds using the EDC/NHS reaction.
Finally, the cross-linked MBGNs and rhBMP-2 were combined with
GelMA by photo-cross-linking under ultraviolet irradiation to form a
GelMA/MBGNs-rhBMP-2 membrane. MBGNs were able to effectively
release rhBMP-2 slowly and increase its concentration locally, thus
improving the safety of rhBMP-2 in vivo. Meanwhile, the combination of
GelMA and MBGNs ensured local fixation of MBGNs within a short time
and avoided their removal by flowing liquid. The long-term release by
MBGNs further ensured that the synthetic membrane material promoted
Advantage Types

ging bone filling
ved at five years

HCP sheets can serve as an active drug
delivery system

Cell sheet

new bone formation The two kinds of cells interact with each
other, and the 3D structure can provide cell
adhesion sites

Cell sheetþ 3D
structure

at the critical size A substitute for the natural periosteum Acellular
scaffold

ze defect of long
egular defects

Bone and blood vessels form in the defect Acellular
scaffoldþ Cells

had osteogenic Acellular periosteum can avoid immune
response and has high biocompatibility

Acellular
scaffoldþ Cells

Cs combined with
tter than allogeneic

Promote bone regeneration of long bone
defect

Acellular
scaffoldþ Cells

brane, HCP human cultured periosteum, MSCs mesenchymal stem cells, PDCs
CP tricalcium phosphate
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cell proliferation and osteogenic differentiation. Hoffman et al. [48]
implanted MSCs into a hydrolytic degradable hydrogel to create a peri-
osteum mimetic and transplanted it as an allograft. After 16 weeks of
healing, the results compared with untreated defects clearly showed that
the new periosteummimetic led to increased vascularization (2.4 times),
endochondral bone formation (2.8 times), and biomechanical strength
(1.8 times). The obvious drawback was that, compared with autologous
grafts, the process of endochondral osteogenesis in this method would be
delayed.

It is essential to continue to explore the fusion and healing of allo-
grafts in bone injury. Electrospinning is a special form of polymer fluid
electrostatic atomization process that can be a good choice for the
preparation of artificial periosteum. The principle of the fabrication
process is that the droplets at the needle in the electric field will change
from spherical to conical, such that polymer filaments with nanometre
diameter can be obtained from the conical tip. These filaments cross-link
with one another to form a net with a microstructure that resembles the
periosteum fibre layer, is close to the natural ECM structure, and can be
conducive to the growth of cells. Gong et al. [89] combined icariin (ICA)
and moxifloxacin hydrochloride (MOX) into a composite structure with
PCL as the core and gelatine as the shell, and created a membrane
structure with osteogenic and antibacterial effects with the support of
coaxial electrospinning technology. The results showed that based on the
complex core–shell structure and the varying degradation rates of the
different substances, effects on drug release and concentration control
could be achieved. After 1 month, it was found that the double
drug-loaded membrane released almost 100% of MOX and only 20% of
ICA. In addition, the structure had an obvious antibacterial effect in vitro,
and the expression of osteocalcin and type-I collagen as well as the
deposition of calcium were significantly enhanced. Silica nanoparticles
(SiNPs) with high specific surface area and good biocompatibility have
wide application prospects in bone tissue engineering because they
provide better adhesion for bone cells [90]. Lu et al. [91] used electro-
spinning and post-treatment processes to prepare a porous poly PLLA
fibrous membrane as a bone tissue engineering substrate for SiNPs, and
the main feature of the membrane was its high specific surface area. To
promote the adhesion strength of SiNPs on the surface of PLLA fibres,
they used dopamine (DOP) to modify the surface of PLLA fibres. Coating
with SiNPs significantly improved the mechanical properties and hy-
drophilicity of the composite membrane. Furthermore, because of the
biocompatibility of SiNPs, the PLLA/DOP/SiNP composite membrane
had excellent cell biocompatibility and showed more cell adhesion and
proliferation. In another study, Liu et al. [92] prepared calcium phos-
phate nanoparticles (CaPs) by an emulsion method and combined them
with GelMA by electrospinning technology to construct an
organic-inorganic hybrid biomimetic of periosteum and mixed hydrogel
fibres. They found that the electrospun fibres exhibited good morpho-
logical and mechanical properties, and controllable ion release was
observed for >10 days. Subsequently, upon co-culture with human um-
bilical vascular endothelial cells and MC3T3-E1 cells, the hybridized fi-
bres showed potential to promote angiogenesis and osteogenesis. The
study fully demonstrated that the composite periosteum structure had
the function of local long-term control of ion release and in situ
mineralization.

Although hydrogels and electrospinning have been widely used and
studied, they cannot perfectly simulate the flexibility and ductility of
natural periosteum, and need to be continuously optimized. Among the
large number of periosteum materials, polyetheretherketone (PEEK) has
attracted much attention because its elastic modulus conforms to the
strength of the natural bone cortex, but it has not been widely used due to
the limitation of its bioinert surface. Zhao et al. [93] electrospun a syn-
thetic fluorinated PEEK polymer into nanofibres, sulfonated the resulting
nanofibres, and then combined them with PCL to create a novel flexible
nanocomposite periosteum (s-PEEK/PCL). Compared with pure s-PEEK,
they found that the s-PEEK/PCL composite membrane had stronger hy-
drophilicity, better ductility, significantly improved biological activity,
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and stronger adsorption capacity for proteins. At the same time, the
composite film was successfully mineralized by a uniform thin calcium
phosphate layer at a later stage, and the potential of the film to improve
the osteogenic reaction was confirmed. Shi et al. [94] developed a
polylactic-glycolic acid nanosheet with a directional microgroove struc-
ture, and demonstrated that the directional microgroove structure
enabled the material to match the ability of natural periosteum to adjust
cell arrangement and allowed the polylactic-glycolic acid sheet to attach
to a tissue engineering scaffold more firmly. Based on the excellent
flexibility and ductility of paraffin membrane, they combined the
directional microgroove structure with a paraffin membrane to regulate
the direction of cell growth and the direction of mechanical tension
applied. They also coated the membrane with a layer of polydopamine,
which improved the biocompatibility of the material and enhanced the
ability of cells to attach and proliferate more efficiently. The results
showed that AMSCs in the stretched group outperformed AMSCs in the
unstretched group for osteogenesis under mechanical stretching and
spatial structure induction, and confirmed the positive stimulation effect
of mechanical stress on bone regeneration and osteogenic differentiation
[95]. The single-layer bionic periosteum made of polyurethane-ascorbic
acid-calcium peroxide containing fibers on collagen was combined with
special bone substitutes. It was found that the periosteum could not only
support the primary periosteal cell survival, but also significantly
improve bone formation and periosteum regeneration [96]. An artificial
periosteum was prepared by biomineralizing Antheraea pernyi fibroin
(AF) membrane with prenucleated nanoclusters. It was found that the
biomineralization process on the membrane not only provide advanced
elastic modulus and tensile strength for AF membrane, but also signifi-
cantly promote osteogenic differentiation of MSCs without osteogenic
inducer in vitro [97]. Liu et al. [98] developed the calcium-binding
peptide-loaded PCL electrospun membrane modified by the
shish-kebab structure, in which the calcium-binding peptide formed by
electrostatic chelation not only prolonged the release cycle of E7
peptide-BMP-2, but also promoted the biomineralization of bionic peri-
osteum and the regeneration of vascularized bone tissue (Table 2).

The mechanical properties of grafts are very important for the
reconstruction of large bone defects. However, a major drawback of
hydrogel and electrospinning materials is that they cannot simulate the
flexibility and ductility of natural periosteum well. However, when
combined with other biomaterials to form composite scaffolds that
imitate the natural bone environment as much as possible, they can be
adjustable in terms of morphology, structure, and biological activity, and
increase the osteogenic ability of the resulting scaffolds, making them the
priority candidate materials for bone tissue engineering. Moreover, the
majority of the raw materials for hydrogels and electrospinning are
natural polymers, and their properties vary from source to source and can
also by changed by different degumming processes and manufacturing
methods. In addition, although many studies have demonstrated the
potential of monolayer composite scaffolds to induce osteogenic devel-
opment in vivo, most of these studies were conducted in animal models
and the results may not be fully generalizable to humans. More research
is needed in the future to determine the safety of nanofibrous scaffolds in
clinical trials.

7.3.2. Multilayer SSP
Periosteum is divided into three layers, and therefore just a single

layer of scaffold has difficulty in restoring the multilayer characteristics
of periosteum. To achieve the effect of natural periosteum as much as
possible, multilayer artificial synthetic scaffolds have been developed.

Silk fibroin (SF), a natural polymer biomaterial, forms collagen-like
fibres. Because of its good permeability, suitable mechanical strength,
excellent biocompatibility, and biodegradation, it has been widely
applied in bone tissue engineering [99]. SF also possesses great strength
and toughness, providing sufficient stability in vivo and support for cell
adhesion, growth, and differentiation of human progenitor cells at the
implantation site [100]. Su et al. [101] prepared SF scaffold-deposited



Table 2
The research of synthetic monolayer SSP.

Year Team Materials and technology Achievement Advantage Types

2013 Hoffman et al. [48] Degradable hydrogelsþ
MSCs

After sixteen weeks, periosteum
vascularization, endochondral ossification
and enhanced biomechanical properties
were observed

Recovery is faster than the untreated
group; endochondral ossification is
slower than that of the autograft group

Monolayer SSPþ Cells

2014 Shi et al. [94] A polylactic-glycolic acid
nanosheet with a directional
microgroove structureþ
Paraffin membraneþ DOP

Improved the biocompatibility of the
material, cell adhesion and proliferation
were enhanced, the osteogenic ability of
AMSCs in stretching group was higher

Regulate the direction of cell growth and
the direction of mechanical tension
applied, mechanical stress has positive
effect on bone regeneration and
osteogenic differentiation

Monolayer SSPþ
Directional
microgroove
structureþ Drugs

2019 Gong et al. [89] ICAþ MOXþ PCLþ gelatin The membrane has antibacterial action, the
expression of osteocalcin, type-I collagen
and calcium deposition were significantly
enhanced

Drug sustained release and drug
antibacterial

Monolayer SSPþ
Drugs

2019 Zhao et al. [93] Fluorinated PEEK polymerþ
PCL

Composite membrane had stronger
hydrophilicity, better ductility, improved
biological activity and stronger adsorption
capacity for protein, homogeneous bone
mineralization was seen

Composite membrane improves the
osteogenic response potential

Electrospinning
monolayer SSP

2020 Xin et al. [88] MBGNsþ rhBMP-2þ GelMA The combination of GelMA and MBGNs
could ensure the local fixation of MBGNs in
a short time, so as to avoid being taken
away by flowing liquid, made MBGNs work
for a long time

Composite membrane promoted cell
proliferation and osteogenic
differentiation

Monolayer SSPþ
Growth factors

2020 Lu et al. [91] Porous poly PLLA fibrous
membraneþ DOPþ SiNPs

Composite membrane had good
mechanical properties, hydrophilicity and
biocompatibility

The membrane owns high specific
surface area, provide more adhesion sites
and space for cell proliferation

Electrospinning
monolayer SSPþ
Drugs

2020 Liu et al. [92] Capsþ GelMA The membrane acted as a slow-release ion
to promote local angiogenesis and
osteogenesis

Local long-term control of ion release,
enhance the function of bone
mineralization in situ

Electrospinning
monolayer SSP

2021 Gupta et al. [96] Polyurethaneþ ascorbic
acidþ calcium peroxide
containing fibers

Supported the primary periosteal cell
survival, promoted periosteum
regeneration

Improve bone formation and periosteum
regeneration

Monolayer SSP

2021 Shuai et al. [97] AFþ prenucleated
nanoclusters

Improved the physicochemical properties
of membrane and promoted the osteogenic
differentiation of MSCs

Provide a promising strategy in this field Monolayer SSPþ
Nanoclusters

2021 Liu et al. [98] Calcium-binding peptide-
loaded PCLþ E7 peptide-
BMP-2

Prolonged the release cycle of protein,
promoted the biomineralization and the
regeneration of tissue

Drug sustained release and promote the
biomineralization

Monolayer SSPþ
Growth factors

AF Antheraea pernyi fibroin, AMSCs adipose mesenchymal stem cells, BMP-2 bone morphogenetic protein-2, Caps calcium phosphate nanoparticles, DOP dopamine,
GelMA methacrylate gelatin, ICA Icariin, MBGNs mesoporous bioglass nanoparticles, MOX moxifloxacin hydrochloride, MSCs mesenchymal stem cells, PCL poly-
caprolactone, PEEK polyetheretherketone, PLLA L-lactic acid, rhBMP-2 recombinant human bone morphogenetic protein-2, SiNPs silica nanoparticles, SSP synthetic
scaffold periosteum

W. Zhang et al. Journal of Orthopaedic Translation 33 (2022) 41–54
nanofibres with porous and biodegradable characteristics, then formed
an SF scaffold by freeze-drying technology, and subsequently combined
dexamethasone with polyvinyl alcohol nanofibres with the aid of elec-
trospinning technology. The activity of alkaline phosphatase and the
amount of calcium mineralization were significantly increased after 21
days of induction culture. RT-PCR assays showed that osteoblast genes
were highly expressed in the early and late stages. Wang et al. [102] used
PCL, collagen, and nano-hydroxyapatite as raw materials, added hexa-
fluoroisopropanol to prepare nanofibre sheets by electrospinning tech-
nology, and finally attached BMSCs. A biomimetic periosteum was
constructed by stacking the nanofibre sheets layer by layer. After trans-
plantation into 4-mm femoral defect segments in mice, the bionic com-
posite periosteum repaired local bone defects and reversed the
biomechanical disadvantage of allogeneic bone implantation for a period
of time. Implantation of the biomimetic periosteum composite repro-
duced the whole process of periosteal bone repair in vivo, including the
following aspects: donor-dependent formation of bone and cartilage,
induction of distinct CD31-high type H endothelium, reconstitution of
bone marrow, and remodelling of bone allografts. Using this method,
each cell layer could be modified and adjusted, and the microenviron-
mental characteristics of periosteum could be simulated individually.
Enlightened by the natural nacre and the most commonly used guided
bone regeneration (GBR) membrane (BIO-GIDE), Zhang et al. [103]
prepared a novel multifunctional double-layer GBR film using chitosan,
graphene oxide, and calcium silicate nanowires as raw materials by
employing a mature evaporation-induced self-assembly technology
50
combined with ice-templating technology. The resulting morphology
was very specific, in that one side was a smooth pearl layer that ensured
excellent mechanical properties but prevented non-osteoblast interfer-
ence, while the other side was a porous layer conducive to cell adhesion.
Unlike the previous BIO-GIDE, the newmembrane had better mechanical
properties and more functions, such as stronger bacteriostatic effect,
appropriate degradation rate, and biocompatibility. Inspired by the
three-layer structure and multifunction characteristics of natural peri-
osteum, Sun et al. [104] prepared a three-layer structure rich in two kinds
of fibres belonging to natural periosteum using conjugated electro-
spinning technology. For this structure, they used PCL fibres to construct
the outermost layer, mixed fibres of PCL and polyurethane (co-PUPCL) as
the middle layer, and degradable polyurethane fibres with or without
nano-hydroxyapatite (PUHA or PU) as the inner layer. The tensile
strength of the three-layer structure gradually decreased from the outside
to the inside, while the formation of the membrane structure by the ac-
tion of electrospinning ensured that each layer had good adhesion. The
asymmetry of the fibre structure resulted in different degradability and
hydrophilicity of the coating, and the innermost layer was proven to have
osteogenic activity. Wu et al. [105] used PCL, COL I and mineralized COL
I to prepare a three-layer fiber membrane by electrospinning technology.
The membrane showed tensile properties in the range of natural peri-
osteum. Experiments showed that the inner layer of the membranes
supported the attachment, proliferation, ingrowth and osteogenesis of
BMSCs. Laijun et al. [106] used PCL to prepare the macroporous fluffy
guiding layer to simulate the periosteal fiber layer, TCP to prepare the



Table 3
The research of synthetic multilayer SSP.

Year Team Materials and technology Achievement Advantage Types

2016 Su et al.
[101]

Porous and biodegradable SF scaffold-
deposited nanofibersþ PVA
nanofibersþ DEX

The activity of alkaline phosphatase and the
expression of calcium mineralization increased
significantly after co-culture, osteoblast genes were
highly expressed

Multilayers mimic natural
periosteum

Electrospinning
multilayer SSP

2018 Wang
et al.
[102]

PCLþ Collagenþ Nano-
hydroxyapatiteþ
Hexafluoroisopropanol þ BMSCs

Repaired 4 mm bone defect in mice and reversed
biomechanical disadvantage of allogeneic bone

Participate in the whole process of
periosteum osteogenesis repair

Electrospinning
multilayer SSP

2019 Zhang
et al.
[103]

Chitosanþ Graphene oxide þ Calcium
silicate nanowires

One layer was a smooth membrane that prevented
interference from non-osteoblasts, the other was a
porous membrane that facilitated cell adhesion

Own better mechanical properties,
stronger antibacterial effect

Multilayer SSP

2019 Sun et al.
[104]

PCLþ co-PUPCLþ PUHA or PU The inner layer had obvious osteogenic activity and
the multilayer structure was tensile resistant

The asymmetry of the fiber
structure resulted in different
degradability and hydrophilicity

Electrospinning
multilayer SSP

2021 Wu et al.
[105]

PCLþ COL Iþ MC Tensile properties closed to natural periosteum, and
the inner layer supported BMSCs attachment,
proliferation and differentiation

Mechanical performance is
improved, and promotes
osteogenesis layer by layer

Multilayer SSP

2021 Laijun
et al.
[106]

PCLþ TCP nanowire Conducive to fibroblast infiltration growth, enhanced
the proliferation and differentiation of BMSCs,
prevented soft tissue invasion

The effect of promoting
vascularization and bone
regeneration is obvious

Multilayer SSP

2021 Yang
et al.
[107]

GelMAþ Arg-UPEAþ nHAMA Enhanced the material mechanical strength,
facilitated tissue adhesion and maintained the
continuous activation of NO-cGMP signaling
pathway

To simulate the periosteum
functionally and structurally

Multilayer SSP

Arg-UPEA L-arginine-based unsaturated poly, BMSCs bone marrow stromal cell, COL I collagen I, co-PUPCL a mixed fiber formed by PCL and polyurethane, DEX
dexamethasone, GelMA methacrylate gelatin, MC mineralized COL I, nHAMA methacrylated hydroxyapatite nanoparticles, NO-cGMP nitric oxide-cyclic guanosine
monophosphate, PCL polycaprolactone, PU degradable polyurethane fibers without nano-hydroxyapatite, PUHA degradable polyurethane fibers with nano-
hydroxyapatite, PVA polyvinyl alcohol, SF silk fibroin, SSP synthetic scaffold periosteum, TCP tricalcium phosphate
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ECM-like bioactive layer to simulate the periosteal cambium layer, and
then used PCL to prepare the middle dense layer to connect the two
layers. The released periosteum not only benefits the infiltration and
oriented growth of fibroblasts, but also enhances the proliferation and
differentiation of BMSCs, and at the same time prevents the invasion of
soft tissues at the injured site. In order to simulate the structure and
function of natural periosteum, Yang et al. [107] used GelMA, L-argini-
ne-based unsaturated poly and methacrylated hydroxyapatite nano-
particles to prepare bionic periosteum, which enhanced the material
mechanical strength, facilitated tissue adhesion and maintained the
continuous activation of nitric oxide-cyclic guanosine monophosphate
signaling pathway(Table 3).

At present, cell-sheet technology is more widely used in the repair and
regeneration of myocardium and cornea. Common cell-sheet materials
need to be attached to exogenous scaffolds for cell culture, but this
method is easily influenced by cell adhesion ability. Acellular scaffold
can perfectly replicate the internal structure and natural components of
periosteum, but the acquisition of tissue raw materials is relatively
complicated and there is still the possibility of immunological rejection.
Althoughmonolayer SSP can avoid the interference of immune source, its
flexibility and ductility are not as good as that of natural periosteum, and
it is difficult to restore the multilayer structure of periosteum. Then
multilayer SSP can solve most of the above problems, it is still in the
primary stage of development. Although there have been clinical trials on
the use of cell-sheet bionic periosteum in the treatment of human bone
defects [23], the number of reports describing clinical application of
tissue-engineered periosteum is very limited. Further optimization of the
macroscopic and microscopic structures of existing tissue-engineered
periosteum and improvement of the performance of tissue-engineering
periosteum will accelerate translation of the basic research on perios-
teum into clinical treatment. However, biomimetic studies on the
microstructure and biological function of artificial periosteum remain in
their infancy, and the material selection, design concept, and perfor-
mance evaluation require further improvements. The existing problems
associated with synthetic materials mainly lie in their low cell adhesion
rate, difficulty in complete degradation, teratogenicity, and
carcinogenicity.
51
8. Conclusions and perspectives

Periosteum is essential for bone formation and regeneration, and has
been gradually recognized for its indispensable role in bone repair.
Periosteum has a complex and orderly organization, and due to the
various components and their combinations, different structures of
tissue-engineered periosteum can be produced. In this review, the his-
tological structure, osteogenic function, and tissue engineering applica-
tion of periosteum are summarized, and the potential research directions
in the future are discussed.

At present, studies on periosteum tissue engineering have yielded
some results, and a variety of bionic artificial periostea have been
developed. The key to design and construct artificial periosteum lies in
selecting scaffold materials and achieve reasonable collection as well as
simulating the structure and function of natural periotseum fully.
Althoughmany kinds of periosteummaterials have been developed, none
of these materials have completely met the ideal requirements to date.
Almost all of the materials are still at the stage of in vitro tests and animal
experiments. Therefore, it is imperative to determine the pros and cons of
various classical materials and lay a good foundation for clinical selec-
tion. On this basis, the macroscopic and microscopic structures require
further optimization, and the corresponding angiogenesis mechanisms
require further clarification to enhance the performance of tissue-
engineered periosteum. With the current development of stem cell
biology, gene therapy and biomaterials, it is possible to prepare tissue
engineering periosteum with higher functions and less disadvantages.
Achieving personalized structure and composition in the construction of
tissue engineering periosteum is in accordance with the design concept of
both universality and emphasis on individual differences and ensures the
combination of commonness and individuality, which are expected to
meet the clinical needs of bone repair more effectively. At the same time,
we should speed up the research results on various scaffolds toward
clinical application. In the future, the development of artificial perios-
teum will open a new door for the clinical treatment of bone defects, and
improve the therapeutic effect to a new level.
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