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ABSTRACT: Bone fractures have always been a burden to patients due to their common
occurrence and severe complications. Traditionally, operative treatments have been widely
used in the clinic for implanting, despite the fact that they can only achieve bone fixation with
limited stability and pose no effect on promoting tissue growth. In addition, the nondegradable
implants usually need a secondary surgery for implant removal, otherwise they may block the
regeneration of bones resulting in bone nonunion. To overcome the low degradability of
implants and avoid multiple surgeries, tissue engineers have investigated various biodegradable
materials for bone regeneration, whereas the significance of stability of long-term bone fixation
tends to be neglected during this process. Combining the traditional orthopedic implantation
surgeries and emerging tissue engineering, we believe that both bone fixation and bone
regeneration are indispensable factors for a successful bone repair. Herein, we define such a novel idea as bone regenerative fixation
(BRF), which should be the main future development trend of biodegradable materials.

1. INTRODUCTION
Bone fractures, as the most common traumatic injuries to
humans,1 are companied with numerous complications,
especially infections. In addition, about 5−10% of fractures
end up with delayed union and nonunion.2−4 A successful
bone repairment, mainly involving inflammatory, repair, and
remodeling phases, is highly dependent on the fixation stability
and regeneration of the fracture area.5,6 Fracture reduction,
fixation, and functional exercise are three basic principles of
bone fracture treatment. On the basis of these principles,
traditionally, the therapeutic strategies of bone fractures have
been focused on orthopedic surgeries.7 However, except for
their incapability of promoting tissue growth, operative
treatments usually contribute to implant-associated infections
which may further inhabit the healing of bone fractures.8−10

Recently, some commercial bone adhesives have been
gradually used as substitutions for implants, since their
applications are more convenient. Unfortunately, most current
adhesives only possess relatively low biodegradability which
might hamper cell in-growth resulting in weakened therapeutic
efficacy11 and only possess insufficient adhesive strength,
contributing to instable bone fixation.
To reduce the risk of implant-associated infections and the

limited biodegradability of current adhesives, various biode-
gradable materials, with suitable mechanical strength resem-
bling natural bones, have been investigated as bone fixation
implants.12−16 Meanwhile, other studies tend to concentrate
on some bioactive factors functioning as inflammatory
regulators,17−23 angiogenesis promoters, or osteogenesis
accelerators,24−28 for promoting the regeneration of bone
fracture.

During our further studies on bone fracture repairment, we
gradually realized that utilizing only bone fixation or only bone
regeneration in treating fractures is insufficient for a successful
bone repairment. Herein, we propose a novel concept: bone
regenerative fixation (BRF). BRF represents two main aspects
concerning bone fracture fixation. For one thing, biomaterials
should possess outstanding adhesive properties and mechanical
strength for realizing stable bone fixation. Meanwhile, the
biodegradability of biomaterials would also be regulated for
achieving the long-term bone fixation and matching the
dynamic bone healing process. For another, the pathological
microenvironment of bone fractures would also be reversed by
those biomaterials, and thereby the bone regeneration would
be highly enhanced. In conclusion, BRF combining the idea of
bone fixation and bone regeneration is a great improvement for
treating bone fractures, compared to the traditional treatments
(Scheme 1). Therefore, we believe that BRF raises a novel goal
for the future design of biomaterials and provides a novel
strategy for treating bone fractures in clinics.

2. TRADITIONAL TREATMENT OF BONE FRACTURE
The basic principle of treating fractured bones is stable
fixation.7 The current external and internal fixation strategy
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applied in the clinic were generated from this principle.29

External fixation refers to a surgical treatment associated with
the application of pins, wires, clamps and rings, or external
fixation rods, which is usually applied for open fractures
accompanied by extensive soft-tissue injuries.7,29 In addition,
temporary external fixation can serve as the pretreatment of
internal fixation.30 Internal fixation, referring to the surgical
application of implants for bone fixation,31 can be divided into
open reduction internal fixation (ORIF) and closed reduction
internal fixation (CRIF). Internal fixation has an advantage in
realizing functional reduction and anatomical reduction
simultaneously, whereas it also tends to result in more severe
and increased risk of complications, such as damage to muscle
and nerve, chronic pain, nonunion or mal-union of bones, and
arthritis or tendinitis. In particular, implant-associated
infections, one of the most severe complications of orthopedic
internal fixation surgeries,32 has happened even more
frequently, resulting in prolonged pain of patients.33,34

Currently, numerous titanium (Ti) alloys have been applied
for bone defect restoration.35 Nevertheless, their mismatched
mechanical properties with natural bones,36 low biodegrad-
ability, and insufficient biocompatibility retain the risk of bone
nonunion and bone resorption, which results in more suffering
to patients. Therefore, most recent studies about metals have
been concentrated on incorporating metals with biomaterials
for better application or investigating novel topological design
for matching the mechanical properties of natural bones.
Tian et al. integrated magnesium (Mg) screw coated with a

polymer film with a Ti plate (Mg/Ti hybrid fixation system)
for enhanced biodegradability and shared loading stress
(Figure 1a).37 The results of finite element analysis
demonstrated that the integration of the Mg screw lowered

the maximum stress compared to pure Ti implants (Figure
1b). Meanwhile, in vivo experiments and their corresponding
quantification results also indicated the certain therapeutic
efficacy of the Mg/Ti hybrid fixation system (Figure 1c−e). In
comparison, Ma et al. fabricated porous Ti-6Al-4 V (PT)
loaded with mineralized collagen (MC) (MC/PT) for
bonelike mechanical strength and enhanced vascularized
bone formation (Figure 1f).36 The MC/PT scaffold was
fabricated via 3D printing and then implanted into the radius
of rabbits for testing its in vivo therapeutic efficacy (Figure 1g),
and results showed that MC/PT scaffold significantly
promoted bone regeneration (Figure 1h).
As substitutions for implants, currently, kinds of surgical

glues have been investigated and applied in clinics which are
mainly divided into the following five types: (blood) fibrin
glue, cyanoacrylates, collagen glue, glutaraldehyde composite
glue, and hydrogel glue. Surgical glues have demonstrated their
efficacy on preventing postoperative tissue adhesion and
realizing wound closure with lower infection rate and no
stitches, possessing great advantages over traditional surgery
treatment. Therefore, we summarized the advantages and
disadvantages of bone adhesives compared to traditional
treatments,15,38 which is presented in Table 1.
However, present surgical glues come with some inherent

shortcomings: (a) glues may cause severe allergic reactions
which pose a threat to the wound healing; (b) most glues
would inhabit cell in-growth and therefore slow down the
wound healing, let alone promoting tissue regeneration; (c)
most commercial surgical glues tend to have low biocompat-
ibility with certain cytotoxicity, especially fibrin glue and
cyanoacrylates;39,40 (d) the current glues only have limited
adhesiveness and provide transient adhesion, which is

Scheme 1. Comparison between Bone Regenerative Fixation (BRF) and Traditional Orthopedic Implant Surgeries
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insufficient for long-term bone fixation;41 and (e) glues can be
ineffective in wet or moist microenvironments which limit their
application in deep tissue.
In conclusion, traditional orthopedic implant surgeries

highlight the significance of bone fixation, yet neglect the
value of promoting bone regeneration. In contrast, although
the surgical glues may weaken the complications of implants,
they still have various deficiencies, as mentioned above. In
particular, surgical glues are even incapable of proving
sufficient mechanical strength for bone fixation, especially
when it comes to tissues demanding a long-period fixation.
Therefore, currently, neither implants nor surgical glues are
suitable for realizing BRF.

3. TISSUE ENGINEERING FOR BONE FIXATION AND
BONE REGENERATION

In tissue engineering, scientists have been mainly focused on
fabricating biodegradable scaffolds simultaneously functioning
as bone substitutes and promoting bone regeneration via
regulating the inherent microenvironment.42,43

In the aspect of providing sufficient mechanical strength,
tissue engineers tend to utilize porous scaffolds with great
osteoconductivity and osteoinductivity. For this purpose,
various demineralized bone matrix (DBM) hybrid scaffolds
or DBM particles and nanocoatings have been studied,21,44−47

since DBM alone can only function as a filling material instead
of a bone graft. In the aspect of promoting bone regeneration,
most tissue engineers are inclined to incorporate tissue-growth
factors, such as VEGF and BMP-2, or stem cells into
scaffolds.48−51

Since both mechanical support and growth-promoting
effects are indispensable for bone fracture repair, most existing
tissue engineered scaffolds have tried to combine them, which
is a great improvement over traditional treatments. However,
the obvious shortcoming of current scaffolds is that they tend
to emphasize in one aspect and neglect in another one more or
less. For example, applying biomodified metals can provide
sufficient mechanical support for bone fixation, yet the low
degradation rate of metals may inhabit the new bone formation
in return. In comparison, utilizing biodegradable scaffolds

Figure 1. (a−e) Morphology, mechanical properties, and therapeutic efficacy of the Mg/Ti hybrid fixation system.37 Reprinted with permission
from ref 37. Copyright 2018 Elsevier. (a) Morphology of Mg/Ti hybrid fixation system and pure Ti implants. (b) Finite element analysis of the
Mg/Ti hybrid fixation system and pure Ti implants. (c) X-ray images and 3D reconstructed images of bone fracture repair of rabbits implanted with
a Mg/Ti hybrid fixation system and pure Ti implants within 12 weeks. (d,e) Quantification results of bone formation in the Mg/Ti hybrid fixation
system group and pure Ti implant group. (f−h) Scheme illustration of fabrication and application of porous MC/PT scaffold, along with its bone
regenerative efficacy.36 Reprinted with permission from ref 36. Copyright 2018 American Chemical Society. (f) Description of the design of porous
MC/PT scaffold. (g) Scheme illustration of fabrication of porous MC/PT scaffold and the in vivo application. (h) Quantification of bone formation
rate of porous MC/PT scaffold.

Table 1. Advantages and Disadvantages of Bone Adhesives
Compared to Traditional Treatments

surgical glues compared to traditional orthopedic implant surgeries

advantages disadvantages

more convenient, faster, and safer relatively low mechanical strength
shortened operation time relatively poor biocompatibility and

degradability
decreased infection rate possible cytotoxicity
less invasive unstable fixation
fewer complications later functional exercise after surgery
no need for a second operation to
remove implants
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integrated with regeneration-promoting cytokines can be very
beneficial to the osteogenesis, yet most biodegradable scaffolds
are incapable of providing enough mechanical strength
especially for long-period bone fixation.
On the basis of previous studies, we propose a novel strategy

for treating bone fracture: bone regenerative fixation, denoted
as BRF. BRF refers to applying novel biodegradable materials
based on tissue engineering which can not only provide
sufficient mechanical strength for long-period bone fixation but
also facilitate bone regeneration via regulating the pathological
microenvironment and dynamically degrading, according to
the bone healing process (Scheme 2). To our belief, BRF
should be the ultimate goal for tissue engineers who fabricate
bioscaffolds to realize bone fracture repair.

4. BONE REGENERATIVE FIXATION
4.1. Metallic Alloys. Metallic alloys mainly refer to

biodegradable metals,52 which can provide enough mechanical
strength when bone fixation is required and gradually degrade
in vivo to avoid a secondary surgery. Therefore, we mainly
introduce the new development of metallic alloys in this
paragraph.
Metallic alloys can be gradually corroded in vivo, but the

biodegradability of them depends on the ratio of different
ingredients which has been the focus of recent studies about
alloys. Mg is biocompatible with rather low cytotoxicity which
can release Mg2+ and hydrogen for therapeutic effects,
including enhancing angiogenesis and regulating an inflamma-
tory reaction.53,54 In particular, the in vivo biodegradability of
Mg alloys avoids surgical intervention for removing im-
plants.55−58 Unfortunately, the excessive corrosion rate of
pure Mg alloys would contribute to hydrogen accumulation
and decreased mechanical integrity which restricts their
physiological application.55,59 The addition of coating,60

other alloy elements, and rare-earth elements have been

testified as practical solutions for realizing controlled corrosion
rate and enhanced mechanical strength of Mg alloys. Hou et al.
fabricated a MgZnCa alloy,59 within which 0.7 wt % zinc (Zn)
was used for enhanced mechanical strength and 0.6 wt %
calcium (Ca) was incorporated for increased castability (Figure
2a). The MgZnCa alloy was studied in a rolled form and in an
annealed form, and the results showed that the annealed
MgZnCa alloy possesses better mechanical integrity and
decreased degradation rate (Figure 2b−d). Similarly, Sommer
et al. also fabricated MgZnCa alloy and applied it on
osteoporotic (Osteo), old healthy (OH), and juvenile healthy
(JH) SD rats to test its biodegradability.61 The results showed
that implants in all three groups experienced a volume decrease
after a 24-week implantation, where the Osteo group had the
most significant total volume loss of 40.89 ± 3.53% (Figure
2e−g). The histological experiments also revealed a homoge-
neous pit corrosion of MgZnCa alloy after 24-week
implantation (Figure 2h). Except for integrating Mg with Zn
and Ca, the incorporation of gallium,62 gadolinium (Gd),63

and silicon (Si)64 also facilitate to avoid the inhomogeneous
biodegradation and high corrosion rate of pure Mg alloy.
In addition, Zn-based implants are also a promising

biodegradable material with great biocompatibility and
functionality.65−68 Zn-based implants can release zinc ions
for affecting cell adhesion and promoting new bone
formation.69 Unfortunately, the yield strength and elongation
of pure Zn alloy is extremely low, and thereby Zn-based alloys
were integrated with other elements for better mechanical
performance.70 Qu et al. integrated Zn alloy with different
concentration of silver (Ag).71 Pure Zn, Zn-0.5Ag alloy, Zn-
1Ag alloy, and Zn-2Ag alloy were applied in that study. Zn-2Ag
alloy demonstrated enhanced efficacy on new bone formation
and biodegradability compared to the commercially used Ti-
6Al-4 V alloy (Figure 2i−k).

Scheme 2. Detailed Concept Description of Bone Regenerative Fixation (BRF)
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In conclusion, metallic alloys are promising implants for
orthopedic surgeries. Metallic alloys can not only release metal
ions for bone formation via slow degradation but also provide
enough mechanical strength for bone fixation and eventually
achieve BRF. However, most metallic alloys still need to be
further studied before their clinic usage. For example, the
degradation rate of pure Mg alloy is uncontrollable, which may
lead to the accumulation of Mg ions and hydrogen. Despite
that many scientists have tried to integrate other metal
elements and rare-earth elements to weaken the inherent
disadvantages of the Mg alloy, Mg-based alloys with suitable
biodegradation rates and enough mechanical properties for
long period mechanical support have not been successfully
fabricated, which demands further investigation.
4.2. Bioceramics. Bioceramics have been studied as

implants for bone fixation, due to their successful simulation

of bone microenvironment and direct new bone formation
capability.72,73 In addition, bioceramics also possess great
therapeutic efficacy in promoting bone regeneration due to its
outstanding osteoconduction and hierarchical porosity, includ-
ing macro-, micro-, and nanoscales.74−76 However, most
bioceramics, including calcium silicate, hydroxyapatite (HA),
tricalcium phosphate, and bioactive glass, have very low
biodegradability and rather high brittleness which have limited
their further application.
To overcome these problems, recent studies about

bioceramics were mainly focused on the enhancement of
their bioactivity and biocompatibility.77−80 Zamani et al.
integrated Mg and Zn into alginate powder containing
different weights of bioactive glass to fabricate different Alg/
BG composite scaffolds (including pure alginate scaffold, Alg-
0.3BG, Alg-1BG, and Alg-1.5BG) (Figure 3a).81 Alg/BG

Figure 2. (a−d) Dimension, tensile strength, and degradation rate of rolled and annealed MgZnCa alloy.59 Reprinted with permission from ref 59.
Copyright 2019 Elsevier. (a) Dimension of tensile sample of MgZnCa alloy and scheme illustration of immersion test of tensile sample. (b) Tensile
strength of rolled and annealed MgZnCa alloy. (c) Degradation rate of rolled and annealed MgZnCa alloy. (d) Mean degradation depth of rolled
and annealed MgZnCa alloy. (e−h) In vivo degradability of MgZnCa alloy implanted in Osteo, OH, or JH rats.61 Reprinted with permission from
ref 61. Copyright 2022 Elsevier. (e) μCT images of implants after being implanted in Osteo, OH, or JH rats for 0, 2, 6, 12, 18, and 24 weeks. (f)
Change of volume of implants in different groups. (g) Change of surface of implants in different groups. (h) Histological evaluation of MgZnCa
alloy in different groups after 24 weeks of implantation. (i−k) Bone formation efficacy and degradability of Zn-2Ag alloy and Ti-6Al-4 V alloy after
3-month implantation.71 Reprinted with permission from ref 71. Copyright 2021 Elsevier. (i) Results of 3D reconstruction of specimens of femoral
condyles implanted with Zn-2Ag alloy or Ti-6Al-4 V alloys. (j) Quantification results of new bone formation. (k) Van Gieson and Paragon staining
sections of femoral condyles three months after the implantation. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (same for the other
marks # and +). * represents significant difference between Osteo and OH; # and + mean significant difference between Osteo and JH and between
OH and JH, respectively.
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Figure 3. (a−c) Fabrication, degradability, and bone formation efficacy of Alg/BG composite scaffolds.81 Reprinted with permission from ref 81.
Copyright 2019 Elsevier. (a) Fabrication of different Alg/BG composite scaffolds. (b) Degradability of Alg/BG composite scaffolds in PBS for 60
days. (c) ALP activity promoting the efficacy of Alg/BG composite scaffolds. (d−j) Morphology and therapeutic efficacy of Cu-BGC scaffolds.82
Reprinted with permission from ref 82. Copyright 2019 Ivyspring International Publisher. (d) Photographic and SEM images of BGC scaffold and
Cu-BGC scaffold. (e) Inflammatory regulation effects of Cu-BGC scaffolds. (f) Bone recovery efficacy of Cu-BGC scaffolds. (g) Degradability of
BCG and Cu-BCG in Tris-HCl solution for 28 days. (h) Release profile of Cu2+ from BCG and Cu-BCG within 28 days. (i) Release profile of Ca2+
from BCG and Cu-BCG within 28 days. (j) Release profile of SiO4

2+ from BCG and Cu-BCG within 28 days.

Figure 4. (a,b) Fabrication and adhesive strength tests of IPDI-GEL-PEG or IPDI-COL-PEG.90 Reprinted with permission from ref 90. Copyright
2021 Elsevier. (a) Scheme illustration of fabrication of IPDI-GEL-PEG or IPDI-COL-PEG. (b) Adhesive strength tests of IPDI-GEL-PEG or IPDI-
COL-PEG. (c−e) Structure of different FRAPs.91−93 Reprinted with permission from ref 91. Copyright 2010 American Chemical Society.
Reprinted with permission from ref 92. Copyright 2016 Royal Society of Chemistry. Reprinted with permission from ref 93. Copyright 2018 Wiley-
VCH.
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composite scaffolds were gradually degraded in PBS, albeit to
varying degrees (Figure 3b). Meanwhile, the application of
Alg/BG composite scaffolds also promoted the expression of
ALP which is in line with the osteoblastic differentiation and
bone regeneration rate (Figure 3c). Similarly, Lin et al.
incorporated copper (Cu) into bioactive glass-ceramics (BGC)
to create a Cu-BGC scaffold (Figure 3d).82 The Cu-BGC
scaffold would gradually degrade by 9.08% immersed in Tris-
HCl solution for 28 days, while it slowly releases Cu2+, Ca2+,
and SiO4

2+ for therapeutic efficacy (Figure 3g−j). The release
of Cu2+ from Cu-BGC scaffolds can decrease the inflammatory
response and promote the healing of the osteochondral
interface (Figure 3e,f). In addition, 3D-printed bioceramics
for mimicking the complicated structure of bones are also quite
prevalent recently.77,83,84

In conclusion, porous bioceramics, especially bioactive glass,
can provide sufficient osteoconduction and mechanical
strength for fracture fixation, along with releasing ions for
facilitating bone regeneration, which can be a suitable material
for BRF. However, most current bioceramics can not fully
degrade after bone fracture union, which may pose an adverse
effect to the bone healing. It seems rather difficult to change
the inherent inadequate properties of bioceramics. Therefore,
we believe that incorporating bioceramics into biodegradable
materials and maintaining the positive characteristics of
bioceramics simultaneously can be a feasible method for
eventually achieving BRF.
4.3. Bone Adhesives. As we discussed above, both

metallic alloys and bioceramics have inherent shortcomings,
especially their limited bioactivity and low biodegradability. In
comparison, bone adhesives pose a new strategy for fixing bone
fragments which circumvent problems of traditional im-
plants.85,86 Bone adhesives can not only realize stabilized
fracture with minimized surgical trauma87 but also promote
bone regeneration via delivery growth-promoting factors.

Therefore, we are mainly focused on two characteristics of
bone adhesives which need to be improved.
On the one hand, for in vivo application, the biocompati-

bility of adhesives requires improvement. Molecular-modifica-
tion, such as dopamine-modification,88,89 has been used in
much research for enhanced biocompatibility. Balcioglu et al.
fabricated a photo-cross-linkable aliphatic isophorone diiso-
cyanate (IPDI) bone adhesive based on gelatin or collagen
integrated with different weights of PEGs (P200, P400, and
P600) (IPDI-GEL-PEG or IPDI-COL-PEG) (Figure 4a).90

The adhesive strength of IPDI-GEL-PEG or IPDI-COL-PEG
was also tested (Figure 4b). Results demonstrated that the
adhesive strength of IPDI-GEL-P200-20-AC (390 kPa) is
comparable to that of cyanoacrylate (403 kPa, a commercial
adhesive).
On the other hand, for long-term bone fixation, the adhesive

strength requires testing and strengthening which is usually
determined by tensile strength, peeling strength, and shear
strength. Normally, the strength needs to reach mepa level for
bone fixation. Before, fiber-reinforced adhesive patch (FRAP)
fixations with enough mechanical strength and the typical
multilayered structure were studied by many groups (Figure
4c−e).91−93 Recently, with the development of tissue
engineering, various adhesive systems with higher adhesive
strength were also fabricated. Hence, in this article, we
summarized several qualified bone adhesives made of high
polymer with their basic materials and shear strength on Table
2.
To sum up, tissue engineers have witnessed numerous

advancements in fabricating better bone adhesives. However,
the normal function of glues under a moist microenvironment
remains a major problem when it comes to the long-term
healing process of bone fractures. Meanwhile, despite the
existing advancement on enhancing adhesive strength, it still

Table 2. Basic Materials and Adhesive Strength of Several Representative Bone Adhesives

adhesives basic materials
shear strength

(MPa)

fiber-reinforced adhesive patch
(FRAP)91

primer: 3,4-dihydroxyphenyl-L-alanine (DOPA) 3.8

adhesive: histoacryl
fiber: E-glass fibers

fiber-reinforced-adhesive-patch
(FRAP)92

primer: dopa-thiol with either dopa-methacrylamide or dopa-allyl 0.29

NaOH
matrix: Tris[2-(3-mercaptopropionyloxy)ethyl] isocyanurate (TAT)
1,3,5-triallyl-1,3,5-triazinane-2,4,6-trione (TAA)
fiber: E-glass fibers

Fiber-reinforced adhesive patch
(FRAP)93

primer: 3-(allyloxy)-2-((allyloxy)-methyl)-2-methylpropanoic acid (BAPA) 9

ethoxylated-trimethylolpropane tri-3-mercapto-propionate (ETTMP)
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP); adhesive: Tris[2-(3-mercapto propionyloxy)
ethyl] isocyanurate (TEMPIC)

1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATATO)
hydroxyapatite (HA) particles
fiber: poly(ethyleneterephthalate) (PET) fiber mesh

PSC/PEG/OCA adhesives94 2-octyl cyanoacrylate (OCA); 4.4 ± 0.2
(15 min)

10.8%P2O5-54.2%SiO2-35.0%CaO, mol % (PSC) 4.6 ± 0.3 (24 h)
Poly(ethylene glycol) (PEG)

SUP-SDBS glue system95 cationic supercharged polypeptides (SUPs) 16.5
(K144-SDBS)

surfactant sodium dodecylbenzenesulfonate (SDBS)
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has not met the standard of mechanical strength of natural
bones.
4.4. Bio-Scaffolds. Bone nonunion is one of the most

severe complications of bone fractures.96 In most situations,
the treatment of bone nonunion requires bone grafting and
several revision surgeries, which put great pressure on the
health and socio-economic situation of patients (Figure
5a).97−99 Traditionally, autogenous bone graft and bone
allograft were applied in the clinic for fulfilling bone defect
areas, whereas the autogenous bone graft tends to be limited
by insufficient bone reservation and bone allograft may result
in immunological rejection. Under this circumstance, simple
regeneration-promoting fixators seem to be insufficient since
that bone nonunion is usually accompanied by bone defects
which require fulfilling. Therefore, biodegradable materials
which can fill bone defects and serve as bone regeneration-
promoting fixator simultaneously should be further studied.

Recently, bioscaffolds with different sizes have been studied
and used as bone grafts due to their outstanding properties in
simulating the native structure and microenvironment of bones
(Figure 5b).100 We believe that tissue engineered bioscaffolds
can not only serve as bone substitutes for filling bone defects in
bone nonunion but also function as the growth promoter for
facilitating bone regeneration. In addition, bioscaffolds would
not be taken as the block of bone regeneration due to their
great biodegradability.
On the basis of this idea, we fabricated several bioscaffolds

and investigated their therapeutic efficacy on critical-sized
bone defects. In our previous studies, we constructed bone
regeneration units (BRUs) via loading bone marrow
mesenchymal stem cells (BMSCs) on photo-cross-linkable
microgel (GelMA and HAMA containing vascular endothelial
growth factor).101 Afterward, the mixture was loaded on DBM
scaffolds as BRU-DBM scaffolds. BRU-DBM scaffolds
demonstrated great therapeutic efficacy on treating large

Figure 5. (a) X-ray images of representative case of bone nonunion at 7 months after surgery.97 Reprinted with permission from ref 97. Copyright
2019 Multidisciplinary Digital Publishing Institute. (b) Tissue-engineered different-sized scaffolds for simulating corresponding bone structures.100

Reprinted with permission from ref 100. Copyright 2021 Wiley-VCH. (c) Scheme illustration of implanting surgical procedures and the
regenerated bone tissue after implantation of BRU-DBM scaffold. VDGH: VEGF/DBM-loaded GelMA/HAMA.101 Reprinted with permission
from ref 101. Copyright 2022 Elsevier. (d) Therapeutic efficacy of BMSCs-loaded sPG on large-sized bone defects.102 Reprinted with permission
from ref 102. Copyright 2022 American Chemical Society. (e) Therapeutic efficacy of IL4-MOF@CaP on large-sized bone defects.103 Reprinted
with permission from ref 103. Copyright 2020 Elsevier.
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bone defects (Figure 5c). Similarly, we also constructed a 3D
printed bone biomimetic scaffold (BBS) (sPG) which was then
integrated with BMSCs (BMSCs-loaded sPG).102 BMSCs-
loaded sPG was implanted in the rib defects of rabbits and
demonstrated satisfactory bone regeneration effects (Figure
5d). In addition, we also studied the effect of the regulated
pathology microenvironment on bone regeneration via a
building bone regeneration multicellular unit (BRMU).103

The BRMU was made of magnesium metal−organic frame-
work (Mg−MOF), a calcium phosphate (CaP) shell, and IL4
(IL4-MOF@CaP) which promoted successful repairment of
large bone defects (Figure 5e).
In conclusion, bioscaffolds demonstrated outstanding

superiority on bone non-union which demands the implanta-
tion of bone grafts. Unfortunately, despite their satisfactory
biocompatibility, biodegradability, and osteogenic effects, most
bioscaffolds are still incapable of realizing bone fixation alone,
meaning their incapabile of achieving successful BRF and
thereby need traditional internal fixation surgeries. Therefore,
bioscaffolds with enhanced efficacy on bone fixation which can
fulfill the bone defects and realize BRF simultaneously should
be the focus of our future studies.

5. FUTURE PERSPECTIVES FOR BRF
Novel biodegradable materials for bone fixation and regener-
ative factors for bone regeneration are constantly being
studied. For successful and enhanced bone repair, both stable
bone fixation and enhanced bone regeneration are indispen-
sable. Therefore, we proposed a novel ideal: bone regenerative
fixation (BRF). Biodegradable materials designed for BRM
should be simultaneously capable of realizing stable bone
fixation via providing sufficient mechanical strength and
accelerating bone regeneration through inflammatory regu-
lation, angiogenic promotion, and osteogenic enhancement.
Till now, many breakthroughs have been achieved on

enhancing biocompatibility of bone adhesives, while there are
several remaining problems that need to be resolved before the
clinic application of BRM: (a) The adhesive strength of the
current tissue-engineered biodegradable materials has not
reached a similar level of the mechanical strength of natural
bones. Therefore, biodegradable materials with sufficient
mechanical strength (mainly including tensile strength, peeling
strength, shear strength) should be further studied. (b) The
healing process of bone fracture usually takes a long time,
making long-term fixation an indispensable property of
biodegradable materials which has not been fully achieved in
present studies. (c) Current biodegradable materials, especially
bone adhesives are incapable of functioning normally in a wet
microenvironment which limits their application in the deeper
layer of tissue and bone fixation. (d) For better realization of
BRM, biocompatible adhesives and regenerative factors should
be further combined to modulate bone regeneration. For
example, various growth factors can be released into the
microenvironment of fractures in a slow and accurately
controlled way for regulating inflammatory reactions, osteo-
genesis, and angiogenesis. (e) Some bone fractures can result
in bone ununion which need the implantation of bone grafts.
Although most tissue-engineered scaffolds with great biode-
gradability can fulfill the bone defects and promote bone
regeneration, most of them lack the ability to realize bone
fixation. Therefore, biodegradable scaffolds for filling bone
defects and achieving BRF should be investigated.

In conclusion, this novel BRF provides a new direction for
the future fabrication of biodegradable materials and offers a
promising strategy for clinic treatment of bone fractures.
Although current biodegradable materials have successfully
realized either long-term bone fixation or enhanced bone
regeneration, most of them fail in fully achieving BRF.
Therefore, future studies should be focused on resolving the
existing problems of current biodegradable materials to
eventually achieve BRF and realize successful bone fracture
repairment.
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