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Background: Periosteum is a vascularized tissue membrane covering the bone surface and plays a decisive role in
bone reconstruction process after fracture. Various artificial periosteum has been developed to assist the allografts
or bionic bone scaffolds in accelerating bone healing. Recently, the biomimicking design of artificial periosteum
has attracted increasing attention due to the recapitulation of the natural extracellular microenvironment of the
periosteum and has presented unique capacity to modulate the cell fates and ultimately enhance the bone for-
mation and improve neovascularization.

Methods: A systematic literature search is performed and relevant findings in biomimicking design of artificial
periosteum have been reviewed and cited.

Results: We give a systematical overview of current development of biomimicking design of artificial periosteum.
We first summarize the universal strategies for designing biomimicking artificial periosteum including
biochemical biomimicry and biophysical biomimicry aspects. We then discuss three types of novel versatile
biomimicking artificial periosteum including physical-chemical combined artificial periosteum, heterogeneous
structured biomimicking periosteum, and healing phase-targeting biomimicking periosteum. Finally, we comment
on the potential implications and prospects in the future design of biomimicking artificial periosteum.
Conclusion: This review summarizes the preparation strategies of biomimicking artificial periosteum in recent
years with a discussion of material selection, animal model adoption, biophysical and biochemical cues to
regulate the cell fates as well as three types of latest developed versatile biomimicking artificial periosteum. In
future, integration of innervation, osteochondral regeneration, and osteoimmunomodulation, should be taken
into consideration when fabricating multifunctional artificial periosteum.

The Translational Potential of this Article: This study provides a holistic view on the design strategy and the
therapeutic potential of biomimicking artificial periosteum to promote bone healing. It is hoped to open a new
avenue of artificial periosteum design with biomimicking considerations and reposition of the current strategy for
accelerated bone healing.

1. Introduction potential of periosteum affirms its decisive role in bone regeneration

after fracture. As reported, the absence of periosteum can lead to a

Periosteum is a dense and highly vascularized connective tissue
membrane with fibroblasts constituting the outer layer and a multipotent
mesenchymal stem cell (MSC)/osteogenic progenitor cell constructing
the inner layer [1,2]. It covers the surface of the majority of the bone
tissues to serve as the attachment site for muscles, ligaments, and ten-
dons, and delivers essential blood, nutrition, and regenerative cells to the
cambium layer of the bone cortex to mediate the bone growth, bone
modeling, and remodeling process [3,4]. The remarkable regenerative
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drastically decreased new bone formation and up to 10-fold reduced
vascularization, leading to compromised bone regeneration [5,6].
Because of the periosteum's superior regenerative capacity in terms of
bone repair, natural periosteum transplantation has been adopted clini-
cally to assist the allografts or bionic bone scaffolds in accelerating bone
healing. However, their therapeutic efficacy is significantly impeded due
to the limited availability, donor-site morbidity, and possible immune
rejection [7,8]. To this end, artificial periosteum is developed as a
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substitute for the natural periosteum [9-13]. Recently, the biomimicking
design of artificial periosteum has attracted increasing attention due to
the recapitulation of the natural extracellular microenvironment of the
periosteum (e.g., cell types, biochemical factors, and biophysical struc-
tures) to facilitate cell proliferation, differentiation, and maturation.
Specifically, exogenous stem cell sheet mimicking the giant osteogenic
progenitor cells in the periosteum has presented favorable effectiveness
in bone formation and neovascularization [14]. Moreover, researchers
also incorporated biomimicking biochemical elements of natural peri-
osteum (e.g., growth factors) to modulate the cell behaviors after im-
plantation [15]. In terms of the structurally biomimicking artificial
periosteum, topographic design (e.g., grooves and surface patterns) with
enhanced mechanical strength and adhesion ability can emulate the
periosteum functions, addressing poor graft localization, tissue segment
detachment, and limited cell survival [16].

To date, reviews of artificial periosteum mainly emphasize the ma-
terial selection (e.g., natural or synthetic materials) [9] or the construc-
tion of periosteum with specific structures (e.g., microstructures and
nanostructures) [17]. Recently, there is a review focusing on the histo-
logical structure, osteogenic function and application of periosteum [18].
However, it overlooked the critical role of biomimicking design in arti-
ficial periosteum construction including both the biochemical and bio-
physical considerations. Such biomimicking artificial periosteum has
been widely recognized with promising therapeutic efficacy and great
clinical application potential. In this review, we first provide an overview
of the universal strategies for designing biomimicking artificial perios-
teum from two aspects: biochemical biomimicry and biophysical bio-
mimicry. We then discuss three types of biomimicking artificial
periosteum: physical-chemical combined artificial periosteum, healing
phase-targeting biomimicking periosteum and heterogeneous structured
biomimicking periosteum. We finally comment on the future direction of
designing artificial periosteum. We aim to equip researchers with better
understanding to improve biomimicking designs to enhance the efficacy
of the artificial periosteum.

2. Strategies for design of biomimicking artificial periosteum
2.1. Materials for fabrication of biomimicking artificial periosteum

In the design of biomimicking artificial periosteum, materials with
distinct chemical and physical properties should resemble the properties
of natural periosteum. For example, the materials should possess suitable
mechanical properties since the periosteum serves as the functional
interface between bone and muscle which undergoes dynamic mechan-
ical loadings [19,20]. In addition, after in vivo implantation, the biode-
gradability of artificial periosteum is also critical. Ideally, the
degradation kinetics of artificial periosteum should coordinate with
process of bone healing. It has been reported that about 62% of the
natural periosteum would be generated between 14 and 35 days after the
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fracture. To this end, the materials should remain its intact properties for
at least 14 days to provide sufficient mechanical support and various
biological functions to stimulate the initial bone reconstruction. Then, it
could degrade slowly to allow the neo-tissue ingrowth and completely
degrade after 7 weeks to be replaced by the generated natural periosteum
[21,22]. To date, various biocompatible biomaterials have been used to
fabricate artificial periosteum. The most commonly used materials can be
mainly divided into natural polymers, synthetic polymers, and composite
materials with inorganic additives (Table 1), yet bulk materials alone
cannot recapitulate the inherent functions of the native periosteum
[23-26].

2.1.1. Natural polymer

The widely used natural polymers include collagen, fibrin, chitosan,
gelatin, etc. They have excellent biocompatibility and can significantly
improve the interaction between materials and tissue cells due to cell-
binding moieties [27]. For example, collagen has been adopted to pre-
pare the artificial periosteum because of its low immunogenicity and
similar composition of natural periosteum. It has demonstrated superior
capacity to promote the new bone formation. However, it can be fast
degraded by the collagen enzymes into peptide segments and amino
acids within 3-5 weeks [28-30]. Moreover, the mechanical property of
collagen (~0.42 kPa) is substantially lower than natural periosteum even
with the regulation of the cross-linking degree [31,32]. Fibrin is a protein
synthesized by the liver with coagulation function and is treated as
traumatic healing materials. Compared with the collagen-based perios-
teum, the fibrin-based periosteum could not only act as the hemostatic
gauze but enhance the metabolic activity and the proliferation level of
periosteal cells [33]. However, the relatively poor mechanical property
and uncontrollable degradation performance impede application of
fibrin-based periosteum [25]. Chitosan, a kind of acetyl enriched deriv-
ative of polysaccharide, has shown antibacterial activity and slow
biodegradation rate [34]. The chitosan-based periosteum presented slow
degradation for 25 days and could accelerate the bone healing [35].
Although chitosan has robust mechanical properties compared to
collagen and fibrin owing to its chemical structure, it is still far from the
mechanical properties of natural periosteum. Moreover, the possible
pathogenic impurity of chitosan is a critical concern for its clinical
application [9].

In all, natural polymers possess the advantages of wide sources and
high biocompatibility, but the poor mechanical properties and uncon-
trolled degradability limit their clinical transition. Scientists therefore
explored synthetic polymers for further applications.

2.1.2. Synthetic polymer

Compared with natural polymers, synthetic polymers such as poly
(lactide-co-glycolide) (PLGA), polylactic acid (PLA), polycaprolactone
(PCL) demonstrate excellent controllability in the mechanical and
degradation properties [36-38]. Thus, these synthetic polymers have

Table 1
Commonly used biomaterials for fabrication of artificial periosteum.
Classification Materials ~ Pros Cons Ref.
Natural polymer Collagen Hemostatic; permeability Poor mechanical property; fast degradation [28-32,
50]
Fibrin Promotion of the release of biological factors and osteogenic differentiation = Poor mechanical property; fast degradation [25,33,51]
Chitosan Slow biodegradation; antibacterial activity; Pathogenic impurities [34,35]
Gelatin Provide nutrition; Poor mechanical properties; fast degradation [13,49,52]
Promotion of cell proliferation
Synthetic polymer PLGA Biocompatibility; non-immunogenicity; easy to control the degradation rate ~ Cause inflammation [36,39]

PLA Biocompatibility; non-immunogenicity Difficult to control the degradation rate [37]
PCL Biocompatibility; hydrophobicity Poor mechanical properties [11,38]
Inorganic additives =~ HA Biocompatibility; promote osteogenic differentiation and angiogenesis Adverse effects on the immune system [41,53]
TCP Biocompatibility; promote osteogenic differentiation and angiogenesis Adverse effects on the immune system [16,56]
BGN Biocompatibility; promote osteogenic differentiation and angiogenesis Haemolysis [42,46]
GO Electroactivity Cytotoxicity [43,44]
MnO, Anti-inflammation Cytotoxicity [471
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been adopted for engineering artificial periosteum. Although PLGA and
PLA have relatively poor bioactivity compared with natural polymers,
their mechanical properties could be readily modulated to match the
natural periosteum. Moreover, degradation of PLGA and PLA can be
regulated to around 2 months which is compatible to the bone healing
process. In addition, it has been demonstrated that their degradation
product (e.g., lactic acid) can induce osteogenic differentiation of mouse
calvaria MC3T3-E1 cells by acting on G protein-coupled receptor 81 [36,
37,39,40]. The slow degradation further enables their application as
long-term drug delivery vehicles. The drug-loaded PLGA nanofibers
could achieve sustained release of vancomycin, lidocaine, and ceftazi-
dime around 35 days to increase the bone union rate [36].

Despite the excellent controllability over mechanical and degradation
properties, the synthetic materials have faced challenges in terms of
biocompatibility, osteoconductivity and osteoinductivity. Therefore,
further modulation of the synthetic materials for enhanced bioactivity is
highly sought after for their clinical implementation.

2.1.3. Inorganic additives

With the deepening of research on bionic periosteum, novel com-
posite materials with inorganic additives have received extensive atten-
tion to improve the low mechanical strength of natural polymers and the
bioactivity of synthetic polymers [23-27]. Currently, inorganic additives
like nano-hydroxyapatite (HA) [41], tricalcium phosphate (TCP) [16],
mesoporous bioactive glass nanoparticles (BGN) [42], graphene oxide
(GO) [43], and manganese dioxide (MnO;) nanoparticles have been
introduced into the tissue engineered periosteum [44]. The HA has the
chemical similarity to the natural bone and is an essential osteogenic
element. It has been found that incorporation of HA into natural polymer
(e.g., gelatin) could substantially improve the mechanical performance
and prolong the degradation rate of the composite material to more than
28 days. Moreover, the released ions (e.g., Ca®") could also mediate the
microenvironment to promote the osteogenesis and angiogenesis process
resulting in boosted bone healing [45]. Similarly, the BGN has been re-
ported to induce the migration, maturation, and organization of endo-
thelial progenitors to enhance bone regeneration [46]. Incorporation of
BGN in the synthetic poly (vinylidene fluoride-trifluoroethylene) (PVFT)
polymer significantly enhanced the attachment as well as proliferation of
bone cells, and promoted the angiogenesis of the endothelium cells to
accelerate bone tissue reconstruction [42]. Moreover, the conductive GO
could induce the osteogenesis of stem cells and is also beneficial for the
innervation during bone regeneration [43,44]. Anti-inflammatory MnO,

el
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has also been incorporated in the biomimicking periosteum fabrication to
suppress the initial inflammation after bone injury and regulate the
osteoimmunomodulation process in bone reconstruction [47]. However,
the possible cytotoxicity, accumulated side effect (e.g., haemolysis,
inflammation) and adverse effects on the immune system of the nano
sized additives may need more systematic evaluation [48,49].

Except for rational adoption of biomaterials, there are some emerging
strategies to design the biomimicking artificial periosteum conveying the
biochemical cues (e.g., cells, growth factors) and biophysical cues (e.g.,
topological and mechanical stimulation) to modulate the bone healing
process [15,23-26,56]. We here briefly summarize notable strategies in
biomimicking artificial periosteum design in terms of biochemical
mimicry and biophysical mimicry (Fig. 1).

2.2. Biochemical mimicry

Except for the basal materials, the natural periosteum embodies
various biochemical factors including regenerative cells, osteogenic and
angiogenic factors, and small biomolecules, which all play imperative
role in their regenerative performance. Therefore, these biomimicking
elements should be considered in the design of the periosteum to pro-
mote bone fracture healing.

2.2.1. Cells

As a highly vascularized tissue, the periosteum possesses multiple cell
types including osteoblasts, endothelial cells, or MSCs and osteoproge-
nitor cells that can differentiate into osteoblasts [57]. These cells play
active roles in new bone formation or neovascularization, and direct
implantation of these viable cells as biomimetic periosteum has pre-
sented exceptional efficacy in bone regeneration (Table 2). For instance,
transplanting osteoblasts can improve the expression of alkaline phos-
phate (ALP) and osteocalcin of native cells, two essential markers in bone
formation and bone mineralization respectively, accelerating bone
regeneration [58,59]. Incorporating MSCs into artificial periosteum also
elevates ALP activity and up-regulates osteogenic gene expression with
improved bone-forming capability [24]. Additionally, the native perios-
teum consists of well-organized extracellular matrix (ECM) fibers, and
therefore using human dermal fibroblasts to fabricate ECM sheets results
in aligned collagen fiber arrays, benefiting the bone repair and remod-
eling process [60]. In addition, MSCs could also release soluble factors
that play autocrine, paracrine, and systemic roles to reduce inflammation
and reduce apoptosis of tissue cells, promote the proliferation of
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Figure 1. Illustration of design strategies of biomimicking artificial periosteum to enhance bone healing, including biochemical mimicry and biophysical mimicry.
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Table 2
Biochemical factors in biomimetic periosteum fabrication.
Classification Biochemical elements Pros Cons Ref.
Cells Osteoblasts Promote new bone formation; Insufficient sources, long expansion cycle [58]
Accelerate bone mineralization
MSCs Self-renewal ability; Limited vascularization; [74-76]
Osteogenesis capacity
Human dermal fibroblasts Mimic ECM structure Limited vascularization; [60]
HUVECs Angiogenesis capacity Limited osteoinduction; [77]
Growth factors TGF Promote collagen production; High cost; short half-life [69]
Anti-inflammation Possible oncogenesis
PDGF Promote the proliferation of osteoprogenitor cells [78]
VEGF Promote angiogenesis [74,79,80]
FGF Promote tissue repair and periosteal chondrogenesis [81-83]
IGF Promote fracture healing; [84,85]
Increase the bone mineral density
BMP Induce MSC osteogenic differentiation; [67,86]
Promote fracture healing;
Small biomolecules Dexamethasone Promote cell proliferation and bone formation Difficult to control the dose [87,88]
Glycerophosphate Induce mineralized bone formation Short drug effect [89]
RGD Enhance cell adhesion to non-adhesive surfaces High cost [90]
Icariin Enhance the proliferation of periosteal cells Abnormal coagulation [11,91]

progenitor cells of endogenous tissue organs, and achieve the effect of
repairing tissues and organs [61]. Meanwhile, as a natural periosteum
contains a high number of vascular tissues, the introduction of human
umbilical vascular endothelial cells (HUVECs) is beneficial for forming
new blood vessels, which significantly improves the structural and
functional properties of MSC sheets as well as its therapeutic effect on the
grafted femurs with bone defect [62]. Incorporating specific cell types
can be used to rebuild the particular function of the native microenvi-
ronment to promote bone healing; however, the limited cell source,
decreased cell viability after implantation, and possible immune re-
actions should be considered during the application.

2.2.2. Growth factors

Biomimicking artificial periosteum calls for the smart incorporation
of growth factors, including bone morphogenetic protein (BMP), vascular
endothelial growth factor (VEGF), transforming growth factor (TGF), and
fibroblast growth factor (FGF), to regulate the cellular behaviors and
modulate the interrelated signaling pathway at the defects for enhanced
bone formation (Table 2) [63-66]. For example, BMPs are promising
osteoinductive factors in bone reconstruction. It promotes new bone
reconstruction by mediating the proliferation and differentiation of os-
teoblasts, thereby benefiting bone defect healing [67,68]. On the other
hand, TGF is critical in regulating chondrogenic differentiation of MSCs
and expands the redifferentiation of human articular chondrocytes
(HACs), promoting the formation of new bone and neocartilage [69].
However, despite the high efficiency of these factors, the high cost and
short half-life of growth factors also impede their clinical transformation.

2.2.3. Small biomolecules

In addition to cells and growth factors, some small biomolecules
(Table 2) can also regulate cell recruitment, stimulate cell differentiation
and activate specific signaling pathways during bone healing, thereby
replicating functions of the native periosteum [70]. For example, dexa-
methasone in artificial periosteum contributes to the stem cell differen-
tiation into osteoblasts, with high expression of osteogenic proteins and
genes [71]. The incorporation of icariin, the main component of epi-
medium, a traditional Chinese medicine herb, effectively promotes
osteoblast proliferation and differentiation and works as an inhibitor of
osteoclast formation [72]. Meanwhile, the modification with adhesive
peptides Arg-Gly-Asp (RGD) enables enhanced adhesion and spreading of
osteoblasts on periosteum surfaces, thereby promoting bone regenera-
tion [73]. Furthermore, lidocaine, vancomycin, and moxifloxacin hy-
drochloride can also be added to the biomimetic periosteal scaffolds for
anti-bacteria and anti-inflammation capacity [11,36].

21

2.2.4. Temporal manifestation and interaction

Bone healing is a dynamic process. At the beginning of the bone
healing, the hematoma forms after fracture, which can lead to the higher
expression of inflammatory growth factors including tumor necrosis
factor-a  (TNF-o) and Interleukin-1 (IL-1) [92-95]. Thus,
anti-inflammatory small biomolecules (e.g., diacerein) are usually
adopted. For example, the diacerein is the IL-1 inhibitor, which can
inhibit cartilage degradation, periosteum inflammation and promote
cartilage synthesis [96,97]. At the same time, the activated platelets can
release platelet-derived growth factors (PDGF) which can enhance the
proliferation and differentiation of local regenerative cells [98,99].
Therefore, the initial implantation of high-density of regenerative cells
(e.g., stem cells) could benefit from the microenvironment with PDGF
expression. Then, after the inflammation, multipotent mesenchymal stem
cells start to proliferate in large quantities. Meanwhile, the periosteal
cells could secrete a series of osteogenic cytokines (e.g., BMP-2) to induce
MSCs to chondrocytes or osteocytes. However, the large bone defects are
always accompanied with deficient osteogenic factor secretion. Thus,
higher concentration of osteogenic small biomolecular (e.g., dexameth-
asone, Icarin) can play critical roles at this stage to enhance the stem cell
differentiation [82,83]. For instance, the dexamethasone can stimulate
the stem cells with upregulated BMP-2 to promote the osteogenesis. In
the late stage of bone healing, the local concentration of transforming
growth factor-p (TGF-f) in natural periosteum is increased, which could
promote the differentiated osteoblasts to synthesize type I collagen and
boost the mineralization to finally restore original shape and structure of
the defected bone [100]. However, it should be noted that the temporal
manifestation and interaction among the biochemical factors are still in
its infancy and more research should be conducted to elucidate the
underlined mechanism.

2.3. Biophysical mimicry

Recently, animal experiments and clinical practice have shown that
biophysical factors (e.g., topological, mechanical and electrical signals)
could influence the effectiveness of the artificial periosteum and the bone
reconstruction [101]. These biophysical signals aid artificial periosteum
reconstruction by physical imitation of the natural periosteum to achieve
the biological functions for enhanced bone healing.

2.3.1. Topological structure biomimicry

It has been widely reported that topography can induce specific cell
responses including the adhesion, proliferation and differentiation [102].
During the dynamic bone healing process, topological structure of
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periosteum also undergoes certain changes. Upon injury, the periosteum
gets thickened especially the inner cambium layer because of the peri-
osteal reactions [103-105]. Afterwards, the cambium would show spe-
cific beam structure due to the proliferated bone progenitor cells. Then,
the periosteum callus is formed with a wavy topology, followed by the
formation of woven bone, which will be replaced by mature lamellar
bone eventually. The generated periosteum has a delicate topographic
surface composed of longitudinally oriented cells and ECM fibers, which
could control and regulate the alignment of cells and formation of
collagenous fibers as well as the bone development direction [106]. That
is, reconstruction of periosteum-mimicking topography present great
potential to synchronously modulate angiogenesis and osteogenesis for
enhanced bone regeneration by guiding the cell behaviors of HUVECs
and stem cells. For instance, a Janus artificial periosteum embodied with
interior adhesiveness and exterior microgrooved patterns were fabri-
cated to closely adhere to the natural bones [107]. At the same time, it
effectively supported cell adhesion and regulated cell alignment. Such
anatomical patterns of the bionic periosteum significantly modulated the
osteogenesis of stem cells and angiogenesis of HUVECs without the use of
biological macromolecules. In addition, this type of periosteum can
prevent scar tissues from growing inwards. These unique features (e.g.,
surface topography) regulate the spatial arrangement of cells to mimic
the cell alignment in natural periosteum and accelerate the bone healing
[108]. That is, the periosteum's characteristic structure (e.g., surface
topography) creates an outstanding niche to induce bone regeneration,
which plays a critical role in the healing and reconstruction of bone
defects.

2.3.2. Mechanical biomimicry

The periosteum is located outside the bone with appropriate visco-
elastic behavior (920-1930 kPa) [13], which stabilizes bones mechani-
cally, especially after bone fracture [109]. As a functional interface
between bones and muscles, the periosteum bears mechanical loads to
meet daily activities. Equipping the artificial periosteum with the me-
chanical microenvironment corresponding to the natural periosteum
provides excellent biophysical cues to improve bone repair. For example,
Matsumoto et al. found that mechanical unloading can cause the excess
bone resorption of the rat tails and lead to the substantial reduction of
bone mineral density (BMD) after 14 days. On the other hand, mechan-
ical overloading can increase the expression of c-fos (a gene expressed in
bone cells) to regulate the development, differentiation, and growth of
periosteal cells with increased BMD [110,112]. Furthermore, during the
mechanical loading, changes in interstitial fluid flow are observed, which
can cause shear stress in the actin cytoskeleton of periosteal cells,
modulating bone formation and mineralization [113]. Meanwhile, pul-
sating fluid flow enhances the activity of cyclo-oxygenase (COX) —2,
which leads to the production of prostaglandin (PG) E2, an important
biomolecule for regulating bone growth and remodeling of osteocytes
[114,115]. To conclude, the biomimicry of mechanical microenviron-
ment can modulate the cell fate and promote bone repair.

2.3.3. Electrical stimulation

The electrical properties of bone tissues have been revealed starting
from the piezoelectric properties since the 1950s. Since then, researchers
have discovered the endogenous electrical properties of bone and pro-
posed that such property is important for the feedback control mecha-
nism of bone modeling and remodeling. According to the nature of the
electrical signals provided, the electrical stimulation systems can be
divided into three main groups: capacitive stimulation, inductive stim-
ulation, and direct current stimulation. For example, the capacitively
coupled electric field activates charged transmembrane receptors
involved in the calcium/calmodulin pathway, promoting osteogenic
differentiation of stem cells to boost bone formation [116]. However,
after bone trauma with periosteum damage, the electrical signal trans-
duction can be interfered [117]. In other words, re-construction of the

22
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electric potential changes in the artificial periosteum can help modulate
the bone repair.

Studies have shown that electroactive piezoelectric materials such as
piezoelectric  collagen  fibers  [77,114] and poly  (vinyl-
idene-fluoroethylene-trifluoroethylene) (PVFT) could generate electrical
signals under deformations [117] and induce stem cells to differentiate into
osteoblasts by restoring the local osteogenic electrical microenvironment.
In one study, Zhang et al. found that by controlling its p phase content, the
surface potential of PVFT membranes can be modulated around the range
of the physiological bone electric potential (~10 pC/N) [118]. Such elec-
trical environment of PVFT membranes could modulate the osteogenic
differentiation of MSCs with surface potential of —53 mV showing better
osteogenic properties compared with the membranes with —78 mV surface
potential. These results suggested that using these materials with electrical
stimulation to fabricate artificial periosteum which can mimic the elec-
trical properties of natural periosteum can achieve enhanced bone
recovery.

As discussed above, there are diversified biochemical and biophysical
mimicry strategies in biomimicking artificial periosteum design. The
general guideline of biomimicking artificial periosteum design is to
comprehensively replicate the defected natural periosteum based on the
patient clinical situation, skeletal segment involved, and bone defect
location. For example, the biomechanics of load bearing tibia bone defect
and non-load bearing cranial defect are substantially different; thus, the
mechanical properties of artificial periosteum under these conditions
should be dedicatedly designed [119]. Moreover, the integration of
multiple considerations (e.g., chemical compositions and physical prop-
erties) on demand of patient conditions could further generate artificial
periosteum with enhanced therapeutic efficacy. For the patients with
movable joint bone defect and impaired neovascularization capacity
(e.g., cancer patients receiving angiogenesis inhibitors), artificial peri-
osteum with excellent flexibility and angiogenesis capacity will be
particularly beneficial [120].

2.4. Animal models for biomimicking artificial periosteum evaluation

Artificial periosteum can be designed to simulate native periosteum
from biochemical and biophysical aspects. In addition to in vitro studies,
it is critical to validate the effectiveness of these strategies in animal
models as bone repair involves a series of in vivo signal cascade responses,
cellular behavior regulation and microenvironment interactions [121].
The animal models for in vivo therapeutic performance evaluation of the
biomimicking artificial periosteum can be generally classified into bone
defect models and bone fracture models (please see summary of animal
models in Table 3) [122]. The bone defect models usually simulate the
large bone defects with the removal of critical-sized bones on skull, femur
or tibia of animals. For critical sized calvarial defect model which are
usually performed on small animals such as mice or rats, the bone defects
are created onto skull by a dental trephine and are directly covered with
artificial periosteal samples [13,47]. The skull defect models are more
widely used due to the high throughout evaluation for the bone regen-
eration process including osteogenesis and angiogenesis with saved time
and cost [123]. However, such non-load bearing models ignore the
biomechanics of the artificial periosteum and are unable to simulate the
dynamic mechanical microenvironment of artificial periosteum after
implantation. In contrast to the skull defect models, femur or tibia defect
models with the implantation of bone grafts (e.g., autografts, allografts)
and artificial periosteum are closer to recapitulate the clinical practice of
artificial periosteum [124]. These models are suitable for systematical
evaluation of the therapeutic efficacy of the artificial periosteum espe-
cially for the biomechanics evaluation; nevertheless, such animal models
are time consuming, and the choice of bone grafts undoubtedly have an
impact on the experimental results. In bone fracture models, a controlled
fracture is made by surgical scissors and fixed with Kirschner-wire or
intramedullary pin. Then, the artificial periosteum is used to cover the
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Table 3
Animal models for biomimicking artificial periosteum evaluation.
Animal models Species Applications Pros Cons Ref.
Bone defect Critical sized Rat, mouse Artificial periosteal alone Easy to conduct, high throughout, = Damage to the brain, hard to [123,127]
models calvarial defect for defect coverage save time and cost represent clinical conditions
Femur/tibia bone Rabbit, ovine, Bone grafting with Closer to the clinical practices, Complicated surgical procedures, [72,
defect rat, sheep artificial periosteum biomechanics evaluation careful selection of bone grafting 128-130]
Bone fracture Femoral fracture Rat, rabbit Artificial periosteal alone Evaluation of osteointegration Complicated surgical procedures [36,131]
models model with fixation

fixed bone fracture [36,125]. Although this model is relatively less used,
it is more conducive to evaluate osteointegration of artificial periosteum
and could give more insight of the interaction between the artificial
periosteum and the surrounding tissues.

In addition to careful consideration of the experimental models, it is
also important to choose the species. Different animal species may have
different therapeutic effects. For example, rabbits have higher intrinsic
healing ability of cartilage defects than goats or humans [126]. Thus, the
rabbits are more suitable for the evaluation of osteochondral defects.
Moreover, the size of the animals also has a certain influence. For
example, the goats and monkeys allowing for the creation of much larger
critical-size bone defects could better resemble the clinical large bone
defect due to severe trauma. However, performing high-precision sur-
gical procedures on these animals is too difficult and the time, manpower
as well as animal costs are prohibitive. Therefore, the small size animals
(e.g., mice or rats) are easy to perform with large numbers of experi-
ments. Altogether, the therapeutic performance differences between
animal models and human trials are still unclear and need more explo-
ration to facilitate the translation from pre-clinical evaluations in animals
to clinical applications in human. Moreover, investigating the artificial
periosteum in at least two different species will lead to a better under-
standing of the preclinically relevant applications.

3. Novel versatile biomimicking artificial periosteum

The current design of biomimicking periosteum calls for the reca-
pitulation of the natural periosteum with versatile strategies and
enhanced regenerative performance [11,51]. For example, the micro-
environment of the natural periosteum embodies various biochemical
(e.g., growth factors) and biophysical (e.g., surface topology) factors. It
has been increasingly recognized that the facile combination of these
biochemical and biophysical factors could replicate the effects of natural
periosteum with significant breakthroughs [132]. Except for the
biochemical and biophysical stimuli, the natural periosteum undergoes a
series of dynamic healing phases after bone fracture such as inflamma-
tory response, cell recruitment and differentiation. The smart recapitu-
lation of the healing phases has also presented fascinating effectiveness
to modulate the bone healing process [133]. Thus, the biomimicking
periosteum with the simulation of the phased-healing process has
attracted increasing attention in recent years. Additionally, from the
structural aspect, the natural periosteum demonstrates inherent hetero-
geneous structures from top to bottom with different biological functions
[17]. Therefore, the reproduction of the anisotropic structure of the
natural periosteum could bestow the artificial periosteum with hetero-
geneous biological performance to accelerate the bone reconstruction. In
this section, we categorize the latest periosteum into physical-chemical
combined artificial periosteum, heterogeneous structured biomimicking
periosteum, and healing phase-targeting biomimicking periosteum.

3.1. Physical-chemical combined artificial periosteum

Compatible mechanical strength, flexibility, and excellent tissue
adhesion are the basic physical properties of artificial periosteum, which
can provide better surgery handleability as well as the biophysical
stimulation. However, physical properties alone are not enough to
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regulate bone repair, as bone repair also needs chemical regulation to
modulate cellular responses. Here, an ideal artificial periosteum should
possess superior physical properties and embody chemical stimulation to
promote osteogenesis and angiogenesis. To this end, Yang et al. designed
a periosteum mimicking bone aid (PMBA) with appropriate mechanical
strength and adhesion ability to promote osteogenesis and angiogenesis
[13]. The PMBA was fabricated by electrospinning a mixture of meth-
acrylate gelatin (GelMA), methacrylate hydroxyapatite nanoparticles
(nHAMA), and 1-arginine (L-Arg)-based unsaturated poly (ester amide)
(Arg-UPEA). In this design, photocrosslinkable GelMA possessed excel-
lent biocompatibility and tissue adhesiveness, nHAMA endowed the
PMBA better mechanical performances and worked as a calcium ion
(Ca2+) reservoir, while Arg-UPEA further increased the adhesion
strength of PMBA and achieved the long-term release of bioactive gas
nitric oxide (NO) precursor L-Arg (Fig. 2A[i). Upon light exposure, those
components formed an organic-inorganic crosslinked double network for
enhanced mechanical strength (~ 1 MPa), and microscopy measure-
ments confirmed the nanofibers had a similar structure to natural peri-
osteum. The introduction of Ca?* and Arg into the PBMA chemically
simulated the original chemical components of the bone tissue. After
implantation in a rat critical-sized calvarial defect model, the PMBA
released L-Arg and Ca’" and regulated a series of the
periosteum-mimicking physiological process (e.g., activation of the
NO/cGMP cell signaling pathway), reproducing the biological effect
(osteogenesis and angiogenesis) of natural periosteum. This work suc-
cessfully fabricated the bio-mimicking periosteum from both physical,
chemical, and biological aspects: the initial materials components
equipped the scaffolds with suitable mechanical and adhesion ability as
were consistent with the original bone chemical components, which
could long-term mediate the bone and vascular regeneration. This
strategy has been proven successful in in vivo application, where both the
micro-CT scan and bone mineral density analysis have demonstrated
outstanding bone regeneration potential. It is envisioned that this strat-
egy will have great potential in bone tissue engineering (Fig 2Av). In
addition to endowing the artificial periosteum with compatible me-
chanical properties, reasonable design of microstructures on periosteum
is also an effective strategy for biophysical stimulation. For instance, it
has been reported the nano-grooved morphology or ridges could regulate
the osteogenic differentiation of stem cells and promote the biominer-
alization [134]. Therefore, the combination of such biophysical micro-
patterns and the osteogenic biochemical factors could further enhance
the bone regeneration. In one study, Yang et al. designed a biomimicking
periosteum with micropatterns for site-specific mineralization. Mineral-
ized hydroxyapatite nanoparticles (HANPs) were incorporated into the
periosteum as micropatterns, and apatite as well as BMP-2 were subse-
quently co-precipitated on the microstructures by site-specific minerali-
zation [41]. In vitro experiments verified the scaffold's continuous release
of Ca?* and BMP-2 within 14 days, which could provide a simulated
periosteal microenvironment for cell recruitment and cell differentiation.
Meanwhile, the linear and grid structure of the micropatterns (Fig. 2Bi)
could guide the cell alignment and promote the differentiation of stem
cells. The in vivo results in a rat cranial defect model have demonstrated
that the biomimetic periosteum had the ability to promote the formation
of blood vessels and ossification at the bone defect sites. Micro-CT scan
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struction of the line pattern (left) and grid pattern (right). Figures are reproduced from Ref. [41] with permission.

data showed less ectopic bone formation and more regenerated bone in
the biomimicking periosteum's group (Fig. 2Bii).

Apart from the structure of periosteum, the inherent piezoelectric
property of natural periosteum has also attracted increasing attention in
the design of novel biomimicking artificial periosteum. Recent studies
have shown that electroactive piezoelectric biomaterials can promote the
recruitment of stem cells, enhance cell migration and induce their oste-
ogenic differentiation. Thus, the artificial periosteum with facile inte-
gration of piezoelectric property and proper biochemical cues has
presented superior efficacy [118,135]. For example, Zhao et al. devel-
oped a novel biomimicking periosteum made of piezoelectric PVFT
membrane loaded with BGN [42]. The PVFT could not only provide a
piezoelectric signal to induce stem cell migration and differentiation, but
also capture the positive-charged Ca?* released from BGN to enhance the
surface mineralization. The high surface area, high porosity, and high
curvature of the BGN further provided an ECM-like environment for the
growth and differentiation of osteoblasts. The micro-CT results showed
the PVFT/BGN group exhibited significantly increased bone formation
compared with the PVFT only group or BGN only group using a rat
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critical-sized calvarial defect model. This design integrated electrical
stimulation and biochemical stimulation to achieve a comprehensive
simulation of the function of the natural periosteum.

Surface modification is a useful strategy to regulate the biophysical
and biochemical properties of the biomaterials. Parafilm is a flexible
thermoplastic film with excellent cohesion and flexibility, yet the water
resistance and bio-inertness limited its application. To this end, Shi et al.
deposited dopamine fibronectin on parafilm periosteum to improve its
hydrophilicity and biocompatibility and generated various micropatterns
on the modified parafilm by lithography [108]. Then, adipose mesen-
chymal stem cells (ADMSCs) were cultured onto the surface followed by
mechanical stretching of the membranes. In this film, the cells were
elongated by mechanical stretching of the periosteum along the pattern
direction, simulating the extrusion and stretching effect of the long and
narrow natural bone structure on the cells, while the dopamine fiber
binding protein simulated the periosteum biological microenvironment
for enhanced cell attachment and differentiation. In vitro, the expression
of smooth-muscle-specific gene (e.g., SM22-a) and a-actin in the
stretching group was much higher than the results found in the
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non-stretching group. In addition, ALP activity, type I collagen expres-
sion, and BMP-2 expression were significantly up-regulated in the
stretching group, which proved that this periosteum could promote
substantially osteogenic differentiation of ADMSCs. This new strategy
successfully simulated mechanical stimulation in natural bone tissues.
In summary, the physical-chemical combined artificial periosteum
considers the interactions of biophysical and biochemical stimulation
during periosteum design to promote bone repair from biomolecules and
cells to tissues. It can enrich the functionality of the biomimicking peri-
osteum like anti-inflammation and tissue adhesion, promoting vascu-
larization and osteogenesis, and is likely to see extensive application in
clinic. These studies set a good illustration of physical-chemical com-
bined artificial periosteum, but there are still potential pitfalls. For some
artificial periosteum with micropatterns or surface modification which
can recruit cells for osteogenesis or angiogenesis, the number of cells and
competitive adhesion should be explored as insufficient targeted cells
may lead to inadequate cell recruitment. Additionally, when using elec-
trical, thermal, magnetic and/or other physical signals, a controllable
approach is needed to regulate these signals to avoid other disturbance.
For the therapeutic molecule-loaded artificial periosteum, how to
maintain the activity of bioactive factors is a concern for its long-term
effect. Meanwhile, extra addition of therapeutic molecules may lead to
burst release, resulting in excessive osteogenesis or ectopic osteogenesis.

3.2. Healing phase-targeting biomimicking periosteum

In the complex processes of bone healing, periosteum makes signifi-
cant contribution from the beginning to the end. At early stage after the
injury (24-48 h), an acute inflammatory reaction can be found at the
periosteum [133]. The periosteum secretes various cytokines or growth
factors to initiate the repair cascade, which involves the recruitment of
cells at the injury site, angiogenesis stimulation and ECM synthesis [136,
137]. Afterwards, the progenitor cells in periosteum begin to proliferate.
Cell tracing showed that nearly 90% of neo-cartilage and woven bone in
callus of early fractures originated from periosteum [6]. Subsequently,
the bridging of the bony periosteal callus forms a new cortical shell under
which the cells differentiate into chondrocytes and osteoblasts [133].
Eventually, mature lamellar bone will replace the woven bone by the
cooperation of osteoclasts and osteoblasts, gradually restoring the orig-
inal bone shape. Hence, from clinical aspect, design of artificial perios-
teum from the aspect of simulating bone healing phases will biologically
mimic the natural periosteum to restore the periosteal function and
accelerate bone regeneration. For example, Li et al. reported a functional
periosteum composed of electrospun PLA scaffolds with BMP-2 loaded
hollow MnO, (h-MnO,) nanoparticle encapsulation and leptin receptor
antibody (LEPR) coating [43]. This biomimetic periosteum effectively
recruited skeletal stem cells (SSCs) through LEPR antibody on the scaf-
fold surface. h-MnO, nanoparticles could further stabilize SSCs, inhibit
early inflammation and improve overall cell viability and proliferation.
Subsequently, BMP-2 released from the h-MnO; nanoparticles promoted
the osteogenesis of SSCs. The high osteogenic capacity of the scaffolds in
vivo in a mice cranial defect model verified the potential application
value.

After periosteum implantation, potential infection and initial
inflammation happen immediately, while osteogenesis is a long-term
pathological process after inflammation. A severe early infection or
inflammation can greatly compromise the efficiency of treatment and
even increase the morbidity and mortality. Therefore, appropriate and
orderly release of antibacterial, anti-inflammation and osteogenic agents
would be an ideal solution to cooperate with the process of bone tissue
regeneration. In a study of Gong et al., a core-shell structured electrospun
PCL membrane with programmable release behavior according to the
repair process was designed [138]. They introduced icariin (ICA) and
moxifloxacin hydrochloride (MOX) into PCL core and gelatin shell,
respectively (Figure.3Ai). The rapid release of MOX in the fibrous shell
could inhibit bacterial colonization and played an auxiliary role in
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anti-infection and anti-inflammation in the initial stage of bone repair;
while the slow and sustained release of ICA provided favorable bone
induction cues for the adhesion, proliferation, and differentiation of
bone-related cells on the materials and could continuously promote
osteogenic differentiation in the whole process of bone repair (Fig. 3Ai).
In the in vivo rabbit segmental defect models, after three months of im-
plantation, normal trabecular bone, mature bone marrow cavity, and
cartilage were observed, and the volume of regenerated bones using the
core-shell structured electrospun fibers was more than that in the blank
group or the non-controlled drug release group (Fig. 3Aii, iii). This
phased release strategy was a collection of multiple treatment methods,
which could realize the in-situ release of various drugs through one im-
plantation, assist the early antibacterial stage through MOX, and improve
the whole stage of osteogenic differentiation by ICA, demonstrating the
potential of phased release strategy in bone regeneration.

From the aspect of molecular level, the bioactive factors secreted from
periosteum undergoes dynamic change to regulate different cell behav-
iors at varied bone repairing period. Thus, smart control of the phased
release behavior of the bioactive factors from artificial periosteum can
also simulate healing process and regulate bone regeneration. In a study,
Yin et al. fabricated an electrofoun fibrous chitosan collagen (CS/COL)
scaffold for the phased release of BMP-2 and FGF-2. In this design, BMP-2
was encapsulated in poly (lactic acid)-poly (ethylene glycol)-poly (lactic
acid) (PELA) microcapsules and FGF-2 was immobilized onto the surface
of PELA to achieve the phased release of BMP-2 and FGF-2 [139]. The
results proved this staged release strategy could improve cell prolifera-
tion and promote differentiation of periosteum derived cells (PDCs).
Additionally, the bone volume and BMD of new bone tissue in groups
with PELA-encapsuled BMP-2 and PELA-attached FGF-2 were higher
than those groups without growth fator, indicating the phased release of
FGF-2 and BMP-2 helped bone regeneration. In rat skull defect models,
immunohistochemical observation and computed tomography data
showed that the phased release group had more bone regeneration than
the non-controlled releasing group. This strategy simulated the release
order of growth factors of natural periosteum and bridged the natural
bone regeneration cycle, which could significantly improve the drug
utilization and therapeutic efficacy.

Previous studies have demonstrated that BMP-2 is the initial factor
during fracture healing, while it is typical to see BMP-7 being expressed
two weeks after fracture [140]. Based on this, Jo et al. prepared a hep-
arinized collagen membrane as artificial periosteum to achieve the
phased release of BMP-2 and BMP-7. The programmed release of BMP-2
at an early stage and long-term BMP-7 release simulated the phased
growth factor needs of natural periosteum, which is beneficial to bone
repair (Fig. 3Bi, ii) [141]. In vitro, enzyme-linked immunosorbent assay
(ELISA) confirmed that BMP-2 would be released in a few days, while
BMP-7 could be released slowly for a few months Fig. 3Biii). The in vivo
data of rat calvarial defect models demonstrated that heparin-BMP-7 +
BMP-2 group had the highest bone mass and connective tissue maturity
(Fig. 3Biv, v). This strategy was biomimetic of the periodic release (rapid
BMP-2 release at initial period and subsequent BMP-7 release) of growth
factors from natural periosteum, which not only overcame the risk of
postoperative infection caused by multiple injections of drugsm but also
avoided the potential risk of abnormal differentiation and repair caused
by the disproportion of growth factors at different regeneration stages
within the physiological bone regeneration cycle.

The healing phase-targeting biomimicking periosteum can resemble
the dynamic physiological bone repair process with staged drug release
to regulate the anti-inflammatory, anti-bacterial, angiogenic and osteo-
genic process. This strategy is a great advance of biomimetic design of the
natural periosteum. However, there are still some concerns. The precise
modulation of the phased drug release is difficult. The high local con-
centration caused by burst release in the initial stage can cause bio-toxic
side effects. Moreover, the bioactivity of the late released drugs should be
more clearly evaluated since most of them are released after weeks and
may be deactivated or degraded by pH, or oxidative environment of the
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healing process. Additionally, dynamic monitoring of bone repair at
different stages is still challenging in the current strategy and the inte-
gration of monitoring setting could better elaborate the effect of healing
phase-targeting biomimicking periosteum.

3.3. Heterogeneous structured biomimicking periosteum

Despite the successful biomimicry of natural periosteum with
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physical-chemical combined stimulation and targeted healing-phases,
the highly hierarchical structure of natural periosteum coherently
composed of two or more layers with different composition and functions
should also be taken into consideration. To this end, design of bio-
mimicking heterogeneous periosteum with different biological functions
can facilitate its clinical application and give new insight to the novel
artificial periosteum design.

One of the critical roles of the artificial periosteum is to prevent the
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invasiveness of epidermal cells and connective tissue cells interfering
with osteoblasts, and to selectively promote osteogenesis and angio-
genesis [142]. Therefore, Delia et al. designed a double-sided bionic
periosteum by immersing one side of the alginate (ALG) membrane into
HANPs (Fig. 4Ai) [143]. The inner side containing HANPs could provide
Ca®" to promote osteogenesis, while the outer side of ALG (without
HANPs) provided porous fibrous structure to promote epithelial cell
adhesion and angiogenesis (Fig. 4 Aii). In vitro data demonstrated that the
mineral-rich side could selectively promote the proliferation and osteo-
genesis of osteoblasts. In contrast, the fibrous side had a positive effect on
chemical characteristics of the bionic periosteum successfully and
selectively promoted the specific cells to enhance bone healing. Although
the Janus hydrogel periosteum can simulate the different functions of the
inner and outer membranes of the natural periosteum and display spatial
segmentation, the migration of osteoblasts from outside to inside was
hindered, which may lead to uneven and discontinuous new tissue for-
mation. To simulate the uniform and continuous layered structure of
natural periosteum, Wang et al. designed a multilayered cell loaded
PCL/collagen/HANP electrospun scaffolds (Fig. 4Bi, ii) [38]. The elec-
trospun fiber sheets have ECM alike structure that benefit cell attachment
and drug loading but limit cellular infiltration and vascular ingrowth. In
this study, a layer-by-layer assembly strategy was adopted for uniform
cell seeding and tissue construction. The multilayered fibrous membrane
seeded with BMSCs was fabricated, which possessed porous structure
similar to that of natural bone tissue. In vitro experiments demonstrated
the biocompatibility of the scaffolds (Fig. 4Biii). In the mice segmental
femoral bone allograft model, the volume of new bone formed increased
significantly after implantation. Histological analysis showed that the
scaffolds promoted the formation of both intramembranous and endo-
chondral bone (Fig. 4Biv). The layer-by-layer strategy allowed for the
controlled insertion of multiple functional components, providing flexi-
bility and multifunctionality for artificial periosteum.

As mentioned above, the macro hierarchy structures realized physical
separation and promoted migration and differentiation. At the same
time, the layered structure of microtubules can better simulate the
periosteal microenvironment. In a study by Liang et al. they electrospun
multilayered poly lactide (PLLA) fibers and collagen I nanofibers. The
PLLA fibers contained hyaluronic acid microsol loading VEGF (Fig. 4Ci)
[80]. This strategy simulated the multilayered fiber structure of the
periosteum at the micro-level, which could provide biochemical and
structural stimulation for cell attachment, growth and differentiation.
The fibrous layer can be generated by the formation of exogenous vas-
cularized fibrous membrane under the effect of angiogenesis, while the
endogenous cambium is formed by the proliferation and differentiation
of MSCs on the collagen layer, which ultimately leads to bone recon-
struction. The in vitro data showed that the release of VEGF was
controllable and continuous, which ensured the continuous promotion of
angiogenesis. By culturing BMSCs on this artificial periosteum, the
collagen nanofibers enhanced cell adhesion and proliferation (Fig. 4Cii,
iii). The designed biomimetic periosteum showed higher ALP activity
and more bone crystal formation in vitro. After eight weeks of the im-
plantation, the authors found that there existed a transparent and dense
periosteum-like connective tissue above the defect area in a rat calvarial
critical size defect model, while a bare hole invaded by soft tissue with a
nonunion case was found within the pure VEGF control group (Fig. 4 Civ,
v). In addition to chemical compositional heterogeneity, structural het-
erogeneity was also investigated. Inspired by the multilayered structure
of the periosteum with interior surface adhesion and exterior anatomical
patterns for cell regulation, Yang et al. designed a bionic double-sided
periosteum (Fig. 4 Di) [107]. Photo-crosslinkable poly (lactide-co-pro-
pylene glycol-co-lactide) dimethacrylates (PGLADMA) material was used
as the substrate, and the inner side was engraved into a gecko-inspired
pattern (GP) to improve the adhesion of the inner side (Fig. 4Dii). In
vitro experiments have proved its excellent dry and wet adhesion ability,
with shear and normal adhesion strengths being 3.6 and 2.8 N cm ™2
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under the dry condition, respectively (Fig. 4Diii). The outer side was
carved into microgrooved arrays of different widths to promote osteo-
genesis and angiogenesis by mimicking the natural structure of natural
periosteum. By co-culturing HUVECs and MSCs on the material's outer
surface in vitro, the groove structure presented the best ability of angio-
genesis and osteogenesis (Fig. 4Div), which could be attributed to the
transmission contraction stress and mechanical balance structure in the
aligned morphology. This double-sided bionic periosteum could adhere
to bone tissue and enabled simultaneous osteogenesis and angiogenesis
in a critical-sized calvarial defect model, establishing its unique advan-
tages in bone healing.

In all, the artificial periosteum with heterogeneous structures can
mimic the multilayered structure of the natural periosteum and meet the
different needs of the microenvironments on both sides of bone fracture/
defect. In terms of the continuous structural changes in artificial peri-
osteum, researchers should pay attention to its thickness and perme-
ability, as overlapped dense structure may lead to limited oxygen and
nutrient transportation as well as cell migration, and even cause necrosis.
In terms of large-scale production, the fabrication of heterogeneous
structured periosteum is quite complicated with high cost. This is
because the heterogeneous structures need to be fabricated separately
and must avoid the interference of layers during preparation. In addition,
in most heterogeneous structured periosteum, each layer only considers
the function of a single cell type; however, the artificial periosteum is
micro-scaled thin film and the multitype cells may involve in each layer
of the heterogeneous periosteum, leading to the uncertainty of the
anisotropic biological functions of the heterogeneous periosteum.
Furthermore, for certain bone diseases (e.g., osteoporosis), the bone
status and structure keep changing, heterogeneous structured periosteum
for normal bones may not be suitable in this case, so the future design
may perform independent studies of these cases.

4. Conclusion and future prospects

This review summarizes the preparation strategies of biomimicking
artificial periosteum in recent years, the biophysical and biochemical
factors that affect the functionality of artificial periosteum, and some
latest developed versatile biomimicking artificial periosteum.

In future, in addition to the osteogenesis and angiogenesis design of
artificial periosteum, the anatomic structure and function of nerve fibers
should also be incorporated when fabricating artificial periosteum since
it has been revealed that the innervation plays a significant role in human
periosteum and the interaction between the blood vessels and the nerve
fibers could promote the development and function of each other,
enhance the osteogenesis process and accelerate the bone regeneration
[144,145]. For example, Qin's group have extensively researched the
interplay between innervation and bone regeneration. They found the
sensory nerve played a crucial role in critical size bone fracture healing
and the blockade of sensory nerve could defer the bone regeneration
[146]. They also presented that the magnesium (Mg) ions could induce
the expression of local neuronal calcitonin gene-related polypeptide-a
(CGRP) in the sensory nerves, leading to the increased osteogenic dif-
ferentiation of stem cells and promoted migration of endothelial cells
[147]. They have further prepared the magnesium-pretreated periosteum
with Mg accumulation and demonstrated such magnesium-pretreated
periosteum could upregulate the neuronal CGRP expression after im-
plantation, resulting in increased osteogenic differentiation of
periosteum-derived stem cells [148]. However, such magnesium medi-
ated bone regeneration relied on the well-functionalized local nerves in
the native periosteum and there has been limited artificial periosteum
with the consideration of innervation with damaged nerve fibers. This is
attributed to the dilemma of modulating multiple cell types, and the
complexity of pre-establishing highly connective peripheral nerve net-
works in engineered periosteum. In this regard, a better understanding of
the coupling mechanisms among innervation, angiogenesis, and osteo-
genesis is highly sought after. Besides, the biomimetic approach should
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also be implemented to design and fabricate novel neurovascularized
engineered periosteum integrating the material development, structure
design, and advanced fabrication techniques to fully recapitulate the
microenvironment of natural periosteum for accelerating bone healing.

In addition, since the bone defects close to joint are always accom-
panied with the cartilage damage; thus, the potential role of artificial
periosteum for osteochondral regeneration should be noticed. Actually,
some studies have claimed that MSCs could differentiate into stable
articular cartilage phenotypes in vitro [149]. Because of the abundant
progenitor cells in the periosteum, scientists have studied the possibility
of periosteal graft transplantation to repair osteochondral defects [150,
151]. The bionic artificial periosteum can form a stable periosteal layer to
promote cartilage production and a layer of neo-endochondral after im-
plantation in a suitable environment. The cartilage remodeling and
endochondral ossification may contribute to the stability of the newly
formed -cartilage layer because early subchondral bone loss can
contribute to the occurrence of osteoarthritis.

Furthermore, due to the exogenous nature of the engineered artificial
periosteum, they would inevitably activate the human immune system
and elicit significant effects on immune cells, which will ultimately affect
subsequent immune responses [152]. Such osteoimmune environments
around the implants could significantly influence bone dynamics, and the
immunomodulation of the bone implants has been recognized as a vital
biological property for mediating osteogenic performance. It could pro-
vide a valuable and beneficial strategy for developing advanced bone
biomaterials with multifactorial effects on regulating osteoclastogenesis,
manipulating immune response, and mediating osteogenesis [153-155].
Nevertheless, such immunomodulatory effect has rarely been incorpo-
rated in the present artificial periosteum. This calls for developing facile
engineered periosteum with delicately designed osteoimmunomodula-
tion effect to regulate the host immune response, release osteogenic
factors, and balance osteogenesis and osteoclastogenesis for enhanced
bone regeneration.

Moreover, bone healing is a complicated process that could be
influenced by many different factors which further complicate the
healing process. Therefore, it is essential to design a multifunctional
artificial periosteum, which can not only meet the requirement of the
specific injury condition but also assist the process of bone defect
regeneration. The smart design of anti-bacteria and bioactive artificial
periosteum is highly desirable to achieve success in bone implantation
prone to infection. Moreover, for bone defects originating from malig-
nant bone tumor resection, it is necessary for the engineered periosteum
to eliminate the remaining tumor cells and to improve bone regeneration
[156]. Therefore, multifunctional artificial periosteum with antitumor
therapeutic capacity should also be developed in future studies.

Finally, despite the critical role of biomimicking artificial periosteum
in bone repair has been highlighted, their clinical application is in the
initial stage. To date, the fixation or adhesion between the artificial
periosteum and the bone graft is still challenging. This could cause the
protruding edges which may pierce the surrounding soft tissues or empty
cavity formation with excess fibrous tissue invasion [157]. Moreover, for
the cell-laden artificial periosteum, the potential ethical concerns, low
cell retention rate and insufficient nutrition supply has significantly
hindered their clinical application [158]. More importantly, the
customized artificial periosteum for patients with different ages, clinical
conditions and bone defect locations should be carefully designed to
meet their specific clinical situation (e.g., load-bearing site, the elderly
with osteoporosis) [159]. Altogether, more -clinical-use orientated
consideration and strategies should be implemented in the future design
of artificial periosteum to facilitate its clinical translation.
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