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Editorial on the Research Topic
Bioactive bone regenerative materials and bionic prosthesis interfaces

Bone defects caused by high-energy trauma, infection, and tumor reconstruction have
been a severe clinical challenge and placed a significant burden on patients. Although
autografting has been recognized as the gold standard for the treatment of bone defects, it
still has many unavoidable disadvantages. The development of bioactive bone
regeneration materials has brought innovations to the reconstruction of skeletal
functions.

The bone regeneration biomaterials should have the appropriate biocompatibility and
enhanced mechanical, antibacterial, and osteogenic properties. When bioactive bone
regeneration materials are implanted into the defect site, they should promote integration
of the prosthetic interface with the surrounding bone tissue and maintain long-term
stability, which is essential for bone repair.

Herein, this Research Topic covered 21 publications submitted by 151 researchers,
comprising 11 original research articles and 10 review articles (total views: 26196 views as
of 10 December 2022). These studies included antibacterial materials for dental implant
surgery, bone tissue engineering, drug release system, and finite element analysis. The
papers included in this topic are briefly discussed below.

In dental implant surgery, ideal osteointegration of the implant with the surrounding
bone tissue provides the basis for bone regeneration (Wang et al.) However, the biofilm
formed on the prosthesis interface after infection destroys the bone integration ability and
severely affects the progress of bone repair. Therefore, it is necessary to develop
antibacterial biomaterials to prevent and treat peri-implantitis. a-Amylase (a-Amy)
effectively destroyed the biofilm of Actinomyces viscosus by decomposing the complex
polysaccharide. However, 0.1%-0.5% of a-Amy showed significant toxicity to MC3T3-E1
cells. D-arginine was investigated to enhance the biofilm-decomposing ability of 0.01% a-
Amy without any cytotoxicity by augmenting the catalytic triad and stabilizing the
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calcium binding region (Li et al.) Moreover, biomaterials with
remineralization property are also essential in the dental implant
surgery, especially in dental caries. These advanced materials,
including inorganic, organic, and polymer materials, have the
ability of reconstructing re-mineralized tissue on damaged
surfaces while enhancing mechanical strength at the same
time. The detailed classification and functions of these
materials were reviewed (Xu et al.) Apart from the single anti-
infection or osteogenic property, the dual functional
modification of dental implant surface with both antibacterial
and osteogenic properties, such as bio-macromolecule, polymer,
titanium dioxide (TiO,) nanotube, and metal ion/nanoparticle
coatings, and their effect on soft tissue integration, bone
regeneration, and immune response were also summarized
(Wang et al.). In addition to biomaterials, the laser-assisted
implant for bone repair has a good development prospect. Er:
YAG laser is a kind of dental hard tissue laser approved by the
American Food and Drug Administration (FDA). Ti alloy
scaffold improved surface wettability, accelerate osteoblast
adhesion, and generate new bone after Er:YAG laser therapy.
Combining Er:YAG laser with Nd:YAG, another low-intensity
laser promoting the osteoblast differentiation at early edge,
achieved the best results in bone regeneration and implant
tissue construction (Zhao and Li).

Bone tissue engineering integrates the traditional methods and
ideas from materials engineering and biological science to produce
the desired bone substitution. The scaffolds, cells, and regulatory
factors are essential elements in bone tissue engineering. The
tetracthyl orthosilicate-based supramolecular hydrogel was used
as an ideal osteo-inductive factor to promote the osseointegration
at the bone defect site and combined with poly(vinyl alcohol) and
sodium tetraborate to accelerate osteogenic performance in vitro and
in vivo (Zheng et al) In the process of bone regeneration,
neovascularization is also an essential element. Blood vessels
served as a communication network between the new bone and
surrounding tissues, maintaining the stability of new bone. The
strontium-substituted calcium silicate (SrCS) has significant
osteogenic and angiogenesis properties. The SrCS and silk fibroin
composite scaffold was prepared, and its osteogenesis and
calvarial ~ defect
reconstruction (Zhou et al.) Besides, the platelet derivatives,
including platelet-rich plasma (PRP), platelet-rich fibrin (PRF),
and platelet lysates (PL), which are rich in growth factors and

angiogenesis were well evaluated for

adhesion proteins were combined with biomaterial scaffolds for
application in cartilage tissue engineering to address the limited self-
renewal capacity of articular cartilage due to the lack of blood vessels
and nerves (Wu et al.) Typically, natural biopolymers, such as
collagen, silk, hyaluronic acid, chitosan, and extracellular matrix,
for the repair of meniscal injury have also been well-reviewed (Peng
et al.)

Interbody fusion surgery is a promising approach to the
treatment of disc protrusion and spondylolisthesis. The three-
dimensional (3D) printed biomaterial scaffolds realized the
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customized interbody fusion cage to achieve biological
stability (Zhang et al) In general, 3D printed implants,
especially 3D printed Ti alloy, have been widely applied in
orthopedics. However, the Ti alloy implant surfaces always
need to be modified to achieve ideal osseointegration.
Common modification methods include chemical surface
modification, physical surface modification, and biological
surface modification through which the prosthetic interface
obtained the antibacterial property, enhanced osseointegration,
and improved mechanical properties (Sheng et al.)

The sustained-release system for delivery of bioactive agents
through a variety of biomaterials is an indispensable method for
promoting bone regeneration. Mesoporous bioactive glass
(MBG) was known as an excellent drug carrier due to its
porosity and osteogenic property. Herein, the alginate-
modified MBG was prepared to improve the loading efficiency
and prolong the sustained release period (Yao et al.) Metal
magnesium ion (Mg’") promoted bone regeneration by
regulating the behaviors of bone marrow mesenchymal stem
cells. The magnesium-contained calcium phosphate cement was
prepared for the sustained release of Mg®* to achieve long-term
mechanical stability and osteogenic property (Wu et al)
Moreover, co-delivery could be preferred for tumor therapy,
and the intracellular co-delivery of proteins and small molecular
antitumor drugs from nanocarriers was presented (Cheng et al.)

Chitosan, an emerging biomaterial, has been extensively used
in bone regeneration due to its outstanding properties. The
characteristics of chitosan and its derivatives, as well as the
specific application forms in infected bone defects, were
specifically summarized (Tian et al.) Yu et al. investigated the
chitosan/hydroxyapatite/polycaprolactone composite scaffold to
inoculate endothelial progenitor cells and bone marrow
mesenchymal stem cells to evaluate the bone repair ability by
detecting osteogenesis-related genes (Yu et al) The results
demonstrated that this dual-cell treatment was better than
single-cell or cell-free treatments. Moreover, the application of
exosomes to cure bone defects has some advantages compared to
cell therapy, such as a wide range of sources and not limited to
stem cells. The mechanisms of exosomes regulating osteogenesis,
angiogenesis, and inflammation modulation were summarized
(Zhang et al.)

In addition to the ability to integrate the prosthesis interface
with the surrounding bone tissue, the biomechanical properties of
designed prosthesis were important factors in promoting bone
regeneration and functional reconstruction. In this Research
Topic, several studies used finite element analysis to analyze the
biomechanical distribution of 3D printed prostheses. After finite
element verification, the different fixation methods of 3D printed
prosthesis for the repair of metaphyseal bone defects resulted in
different mechanical behaviors (Liu et al.) A unique bone mineral
density screw was designed and compared with the traditional
screw by finite element analysis method for mechanical properties
and then improved by topology optimization (Zhou et al.)
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Furthermore, based on topology optimization, an optimized
prosthesis with enhanced biomechanical properties was
designed to repair the bone defect of proximal femur (Xue
et al.) Vitallium Prosthesis, a customized 3D printed prosthesis
was also designed and applied to the patients with ischemic
necrosis of the talus and gained the expected results (Luo et al.)

Finally, the research hotspots of bone regeneration materials
at each stage in the past 20 years, the latest progress of existing
research, and the exploration direction for the future are
comprehensively evaluated (Zhang et al.)

In summary, this invited Research Topic covered several
fundamental and clinical studies with various bone regeneration
biomaterials and bionic prosthesis interfaces. This interdisciplinary
research has created an excellent theoretical and practical basis for
the innovation of biomaterials and the transformation of clinical
medicine, and also helps readers to better understand this field.

Author contributions

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.1111743

Acknowledgments

The editors appreciate the contributions of all authors to this
Research Topic, the constructive comments of all the reviewers,
and the editorial support from Frontiers throughout the
publication process.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.938337/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.938337/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.916334/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.921092/full
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1111743

1' frontiers

In Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 11 January 2022
doi: 10.3389/fbioe.2021.803723

OPEN ACCESS

Edited by:
He Liu,
Jilin University, China

Reviewed by:

Kaili Lin,

Shanghai Jiao Tong University, China
Ahmed El-Fiqi,

Dankook University, South Korea

*Correspondence:
Kelvin W. K. Yeung
wkkyeung@hku.hk
Tak Man Wong
wongtm@hku.hk

"These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Biomaterials,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 28 October 2021
Accepted: 20 December 2021
Published: 11 January 2022

Citation:

Wu J, Liu F, Wang Z, Liu Y, Zhao X,
Fang C, Leung F, Yeung KWK and
Wong TM (2022) The Development of
a Magnesium-Releasing and Long-
Term Mechanically Stable Calcium
Phosphate Bone Cement Possessing
Osteogenic and Immunomodulation
Effects for Promoting Bone

Fracture Regeneration.

Front. Bioeng. Biotechnol. 9:803723.
doi: 10.3389/fbioe.2021.803723

®

Check for
updates

The Development of a
Magnesium-Releasing and
Long-Term Mechanically Stable
Calcium Phosphate Bone Cement
Possessing Osteogenic and
Immunomodulation Effects for
Promoting Bone Fracture
Regeneration

Jun Wu'?t, Feihong Liu'?, Zejin Wang’, Yuan Liu®, Xiaoli Zhao®, Christian Fang'?,
Frankie Leung™?, Kelvin W. K. Yeung?* and Tak Man Wong "2*

"Shenzhen Key Laboratory for Innovative Technology in Orthopaedic Trauma, The University of Hong Kong-Shenzhen Hospital,
Shenzhen, China, 2Department of Orthopaedics and Traumatology, The University of Hong Kong, Pokfulam, Hong Kong SAR,
China, ®Research Center for Human Tissues and Organs Degeneration, Institute of Biomedicine and Biotechnology, Shenzhen
Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China

Bone grafts are commonly used for the treatment of critical sized bone defects. Since the
supply of autologous bone is insufficient, allogeneic bone grafts have been used most of
the time. However, the poor osteogenic property of allogeneic bone grafts after
pretreatment results in delayed union, non-union, or even occasional deformity.
Calcium phosphate cement (CPC) is one of the most promising bone filling materials
due to its good biocompatibility and similar chemical components as natural bone.
However, clinical applications of CPC were hampered by limited osteogenic effects,
undesired immune response which results in resorption, and poor mechanical stability
in vivo. Magnesium (Mg) has been proven to trigger bone regeneration through modulating
cell behaviors of mesenchymal stem cells and macrophages significantly. Unfortunately,
the degradation raters of pure Mg and Mg oxide are extremely fast, resulting in early
collapse of Mg contained CPC. In this study, we developed a novel magnesium contained
calcium phosphate bone cement (Mg-CPC), possessing long-term mechanical stability
and osteogenic effects through sustained release of Mg. Furthermore, in vitro studies
showed that Mg-CPC had no cytotoxic effects on hBMMSCs and macrophage RAW
264.7, and could enhance the osteogenic differentiation as determined by alkaline
phosphate (ALP) activity and calcium nodule staining, as well as suppress the
inflammatory as determined by expression of anti-inflammatory cytokine IL-1RA. We
also found that Mg-CPC promoted new bone formation and bone maturation in vivo.
These results suggest that Mg-CPC should be a good substitute material for bone graftsin
clinical use.
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Bioactive CPC for Bone Repair
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1 INTRODUCTION

Each vyear, a large number of people suffer from critical sized bone
defects caused by high-energy trauma or diseases (Wiese and Pape,
2010). The repair of critical bone defect has always been a clinical
challenge (Zhao et al, 2009). Autologous bone grafting is the
preferred treatment option in many cases of orthopedic surgeries
(Bauer and Muschler, 2000; Jung et al., 2020). But for critical sized
bone defects, the donor sites for autologous bone harvest are always
insufficient, and a second operation is sometimes needed, leading to
additional pain and increased complication risks (Arrington et al.,
1996). Allogeneic bone graft is another choice (De Long et al., 2007).
However, to eliminate immune rejection and infection, pretreatment
inactivation is needed before implantation, which decreases the
osteogenic activity as well (Zimmermann and Moghaddam, 2011),
resulting in delayed healing, non-union, or even occasional
deformities (Orchard et al., 2014). Therefore, scientists have long
attempted to develop novel implants with good biocompatibility and
osteogenic effects (Reichert et al., 2009).

Calcium phosphate bone cement (CPC) is a biological material
with good biocompatibility, bone conductivity, and similar
mechanical strength to cancellous bone. The final product
formed after curing is hydroxyapatite (HA), which is similar
to the main inorganic component of natural bone (Nair et al,
2013) and is considered one of the most promising potential bone
graft substitutes (Scheer and Adolfsson, 2009). CPC was invented
by Brown and Chow in the 1980s (Brown and Chow, 1983) and
was approved for clinical use by the FDA in 1996 (Friedman et al.,
1998). However, CPC has limited osteogenic effects, and implant
failures due to delayed healing or non-union have been observed.
Many researchers have tried to add osteogenic substances, such as
growth factors, stem cells and so on, into bone cement to improve
the osteogenesis of bone cement (Meraw et al., 2000; Zhao et al.,
2011), but few have explored the effect of immune response,
which plays important roles in modulating bone regeneration
after a fracture. Moreover, prolonged inflammation is one of the
major causes of implant failure (Han et al., 2014; Kovach et al.,
2015).

Biomaterial implants inevitably cause immune response to the
host and have a profound impact on the process of bone healing
(Franz et al,, 2011). Macrophages have long been considered to be
important immune-benefit cells, and their polarization can be
divided into two types: classical activation into inflammatory
macrophages M1-type and selective activation into therapeutic
macrophages M2-type (Stein et al., 1992). M1-type macrophages
can produce pro-inflammatory cytokines, which promote
inflammation and affect wound healing. M2-type macrophages
can produce anti-inflammatory cytokines, which stimulate
arginase activity and promote wound healing. They can be
converted into each other under certain conditions (Mosser
and Edwards, 2008).

Recent studies have reported the application of magnesium
implants in fracture healing. Chen et al. (2014) prepared a kind of
B-TCP scaffold containing an Mg coating that could effectively

induce the differentiation of macrophages into M2 compared
with uncoated B-TCP, indicating that magnesium has the
potential of immune regulation of the bone. Wang et al
(2016) prepared a magnesium-containing CPC by mixing the
cement derived from magnesium oxide (MgO) in a fixed ratio on
the basis of ordinary CPC. In vitro experiments showed that this
bone cement could not only promote osteogenesis but also
effectively reduce pro-inflammatory cytokines. However, the
underlining mechanisms of modulating bone immunology by
magnesium-containing CPC are still to be revealed.

Therefore, it is of great interest to incorporate magnesium into
orthopedic implants to increase osteogenic effects and to
modulate immune responses for bone regeneration. However,
magnesium-based implants usually degrade too fast under certain
physiological conditions, which causes the early collapse of CPC
and hampers their clinical applications. In the previous study, our
research group synthesized a strontium-containing CPC
possessing bone regeneration-promoting effects that could
rapidly self-solidify at room temperature. In this study, a novel
magnesium-containing calcium phosphate bone cement (Mg-
CPC) was developed by incorporating a magnesium compound
with a compatible degradation rate, combined with an organic
cross-linking agent to achieve collapse resistance, sustained
magnesium release, and long-term mechanical stability. To
reveal the mechanism of enhanced bone healing by Mg, the
osteogenic and anti-inflammatory properties of the Mg-CPC and
CPC were tested in vitro and in vivo. The results showed that the
Mg-CPC could enhance osteogenic differentiation and suppress
prolonged inflammation. Furthermore, the sustained release of
magnesium contributed to the in-growth of new bone tissue,
which facilitated the union of Mg-CPC and bone tissue, while the
mechanical strength of Mg-CPC was not deteriorated. The
presented Mg-CPC might be used in promising applications in
healing critical sized bone defects.

2 MATERIALS AND METHODS

2.1 Fabrication of the
Magnesium-Releasing Calcium Phosphate

Bone Cement

The calcium phosphate cement was synthesized by thoroughly
stirring the liquid phase and the powder phase (Table 1). The
liquid phase consists of 20% (wt%) citric acid (sigma) and 12%
(wt%) polyvinylpyrrolidone K-30 (PVP, sigma) in ultrapure
water. The powder phase consists of tetracalcium phosphate
(TTCP, Wako) and dicalcium phosphate anhydrous (DCPA,
sigma). We used magnesium phosphate dibasic trihydrate
(DMPA, sigma) to make Mg-CPC. The cement paste was
prepared by mixing the liquid and powder phases at a ratio of
0.7 ml/g. In this study, the power and liquid phases of cement
with different magnesium contents (0, 5, 10, and 20%) were fully
mixed and injected into the customized mold to form cylindrical
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TABLE 1 | The powder composition of calcium phosphate bone cement.

Bioactive CPC for Bone Repair

Group Mg/(Mg + Ca) (mole TTCP [Cay(P0O,)20] (mole DCPA DMPA
ratio) ratio) [CaHPO,] (mole ratio) [MgHPO,4] (mole ratio)
CPC 0 1 1 0
5% Mg-CPC 5% 1 0.75 0.25
10% Mg-CPC 10% 1 0.5 0.5
20% Mg-CPC 20% 1 0 1

samples with a bottom diameter of 6 mm and a height of 12 mm
and then removed after curing and ethylene oxide sterilization.
The curing reaction of classical calcium phosphate cement can be
divided into two stages: hydration and precipitation. The
phosphate compound of calcium firstly produces a large
number of calcium ions and phosphate ions through
hydration, which then react slowly to form HA (Egs 1, 2, 6;
Liu et al.,, 2003).
The chemical reaction equation is as follows

(a) Dissolution

Cay (POy) + H,O — 4Ca® + 2P0} + 20H~ (1)
CaH (PO,) — Ca** + 2HPO?" (2)
MgH (PO,) —» Mg** + 2HPO?" (3)
(b) Chelation

3Mg2Jr + 2H3C1t il Mg3Clt2 (4)
:’)(:QZJr + 2H3C1t il Ca3Cit2 (5)

(c) HA formation
10Ca’* + 6PO)” + 20H™ — Cay (PO,)s(OH), (6)

2.2 Material Characterizations

2.2.1 Surface Morphology and Chemical Composition
The cement samples were immersed in simulated body fluid
(SBF) solution and placed in a 37°C incubator. After immersion
for 0, 14, and 28 days, quenching with liquid nitrogen for 30 min
to stop the setting reaction of cements. Then the cements were
dried using a freeze-drying machine (Alp2-4LD, Christ,
Germany) for 15h. The surface structure of the bone cement
was observed using a scanning electron microscope (SEM)
(ZEISS SUPRA R 55, Zeiss, Germany), and the surface
distribution of calcium and magnesium was determined by
energy dispersive spectrometer (EDS) after being gold plated.
Each cement was ground into a powder using an amber mortar
and analyzed by X-ray diffraction (XRD) (D8 Advance, Bruker,
Germany) using Cu Ka (k = 1.5406 A) radiation in step-scan
mode (2y = 0.02 per step). Three samples were tested in
each group.

2.2.2 Compressive Strength and Setting Time
The CPC and Mg-CPCs were made into a cylinder with a
diameter of 6 mm and a height of 12mm by using a mold.

After setting and incubate at 37°C for 24 h. The cement samples
were immersed in SBF for 0 and 28 days at 37°C. The volume (ml)
of SBF was determined according to the equation of V = §/10, in
which the S is the surface area of the cements (mm?). The SBF was
changed every 3 days. The material test machine (Instron E10000,
United States) was taken out under a load of 1KN, and the speed
was 0.1 mm/min, until the cement breaks. Three samples were
tested in each group.

The setting time of cements were tested using the Gillmore
apparatus according to the ASTM: C266-89 standard. Which
have two kinds of needles, the light and thick needle witha 113.4 g
weight and 2.13 mm diameter needle tip, the heavy and thin
needle with 453.6 g weight and 1.06 mm diameter needle tip.
After fully mixed the liquid and powder phases, moved into the
customized mold with a bottom diameter of 6 mm and a height of
12 mm, two needles with different diameters and weights were
gently placed on the cement surface. The initial setting time was
measured by a light and thick needle. When the cement surface
has no visual marks of the needle tip, record the time. Each test
was repeated three times.

2.2.3 In Vitro lon Release

The CPC and Mg-CPCs were made into a cylinder with a
diameter of 4.5 mm and a height of 6 mm by using a mold.
After setting and incubate at 37°C for 24 h, the cement samples
were immersed in an 8 ml phosphate buffer saline (PBS)
solution (without calcium and magnesium ions, PH = 7.35)
and placed in a 37°C incubator. At days 1, 3, 7, 14 and 28 after
immersion, all the extracts were collected and replaced with
fresh PBS. An inductively coupled plasma emission
spectrometer (Perkin Elmer, Optima 7000, United States)
was used to detect the concentration of Mg and Ca ions in
the extracted samples. The process was repeated three times
for each group of samples.

2.3. In Vitro Characterizations

2.3.1. Cell Culture

The murine-derived macrophage cell line RAW 264.7 cells
(RAW cells, Cell Bank, purchased from the Chinese Academy
of Sciences) and human bone marrow mesenchymal stem cells
(hBMMSCs) were purchased from Cyagen Biosciences Inc.
(Guangzhou, China). The RAW 264.7 cells were cultured using
the Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% (v/v) fetal bovine serum (FBS,
Gibco) and antibiotics (100 U/ml of penicillin and 100 mg/
ml of streptomycin) (Thermo Fisher Scientific, United States).
The hBMMSCs were cultured using Minimal Essential
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Medium Alpha (a-MEM, Gibco) supplemented with 10% (v/v)
FBS and antibiotics (100 U/ml of penicillin and 100 mg/ml of
streptomycin).

2.3.2 Cell Viability of Human Bone Marrow
Mesenchymal Stem Cells and RAW264.7

The hBMMSCs were seeded on the 96-well plate with a density
0f 0.5 x 10* in each well at 37°C with 5% CO, for 24 h; then the
medium was removed, and the extract was added to each well.
At days 1 and 3, cell viability was tested using Cell Counting
Kit-8 (Dojindo, Japan). The RAW264.7 macrophages at a
density of 10,000 cells per well in the 96-well plate were
incubated at 37°C and supplemented with 5% CO, for 1d
and then cultured with the extraction solution. The optical
density (OD) was tested by a microplate reader (Epoch,
BioTek, United States) at an absorbance of 450 nm. The
extract solution was prepared according to ISO 10993-5,
and the cements were immersed in the culture medium for
24 h at a ratio of 0.2 g/ml.

2.3.3 Alkaline Phosphatase Activity and ECM
Mineralization of Human Bone Marrow Mesenchymal
Stem Cells

The hBMMSCs were seeded on a 48-well plate (with a density of
2 x 10* for each well), incubated at 37°C, and supplemented with
5% CO,. The cells were cultured using a-MEM supplemented
with 10% (v/v) FBS and antibiotics. After 24 h, the culture
mediums were replaced with extracts of CPC or Mg-CPC; for
the Alkaline phosphatase activity (ALP) activity test, osteogenic
differentiation materials [10 mM B-glycerophosphate (sigma),
50 uM ascorbic acid (sigma), and 10nM dexamethasone
(sigma)] were added to the mediums. After incubation for 3,
7, and 14 days, the cells were washed three times using PBS and
then lysed by 0.1% Triton X-100 at 4°C for 30 min. The ALP
activity was determined using an alkaline phosphatase assay kit
(Nanjingjianchen, China). After incubation for 21 days, the cells
were washed three times using PBS, fixed on ice with
paraformaldehyde for 30 min, and washed again three times
with PBS.

2.3.4 Immune Modulation Effects of Magnesium
Contained Calcium Phosphate Bone Cement

2.3.4.1 Immunofluorescence

For the primary antibodies and antibodies, iNOS (Abcam,
United States) and arginase (Abcam, United States) were
chosen as markers for M1 and M2, respectively. RAW 264.7
cells were inoculated on the cement samples and cultured for
24 h. The supernatant was abandoned, and the cells on CPCs
were fixed by 4% paraformaldehyde for 30 min. After fixation,
the samples were washed three times using PBS and
permeabilized with 0.25% Triton X-100 (PBST) for 10 min.
They were then washed three times again using PBS and
blocked for 30 min at room temperature using 5% FBS. The
cells were then incubated with primary antibodies at 4°C
overnight, washed again three times with PBS, and
incubated with secondary antibodies (Abcam, United States)
for 1 h at room temperature in the dark. The cells were washed

Bioactive CPC for Bone Repair

again three times with PBS, stained with 4’,6-diamidino-2-
phenylindole (DAPI, Abcam, United States), and observed
using a fluorescence microscope (LEICA, Germany).

2.3.4.2 The Expression of Inflammatory Genes

RAW?264.7 was seeded on bone cement at a cell density of 300,000
cells per well in 24-well plates. The cells were cultured for 1 days.
Total RNA was extracted using an RNAprep Pure Cell/Bacteria
Kit (TTANGEN, China), and reverse transcription was performed
using a RevertAid First Strand ¢cDNA Synthesis Kit (Thermo
Fisher Scientific, United States). Then, a qRT-PCR test was
performed using the real-time PCR system (Light Cycler 480,
Roche, United States) with QuantiNova™ SYBR Green PCR
Master MIX (Qiagen, Germany). The target gene sequence
primers, as shown in Supplementary Table S1, used GPDH
as the house-keeping gene. The relative gene expression was
calculated by Ct (2722¢Y Al the test procedures followed the
manufacturer’s instructions. Three samples were tested in
each group.

2.3.4.3 Enzyme-Linked Immunosorbent Assay

The RAW264.7 cells were incubated on the bone cements for 1
and 3 days. The cell supernatant was used to the measure cytokine
concentration using an ELISA assay kit (R&D Systems,
United States). The operation was done according to the
manufacturer’s instructions and calibrated by standard curves.
Three samples were tested in each group.

2.4 In Vivo Studies

2.4.1 Bone Defect in Rats

Animal experiments were approved by the Ethics Committee
of the University of Hong Kong-Shenzhen Hospital. A total of
24 3-month-old Sprague-Dawley rats were used and randomly
divided into four groups: a CPC group, a 10% Mg-CPC group,
and a 20% Mg-CPC group. Using 4% chloral hydrate
anesthesia, the right leg was selected as the surgical site.
After surgical site shaving and disinfection, a scalpel was
used to expose the distal femoral, and a 2.5 mm-diameter,
4 mm-long hole was created by drilling the bone at the lateral
epicondyle on the femur. The area was saline washed three
times, and the CPC, 10% Mg-CPC, and 20% Mg-CPC samples
were implanted in the defect areas of the rats in each group,
respectively. The areas were then sutured layer by layer and
disinfected, followed by routine feeding.

2.4.2 Micro-CT Analysis

A CT scan was performed on the rats in each group at 4 and
8 weeks after the operations using a Micro-CT machine
(Skyscan 1176, Bruker). The animals were then put into a
respiratory anesthesia apparatus. After anesthesia, they were
put into the slot of the micro-CT scanner, and a respiratory
anesthesia mask was put on them. Then, each rat was placed on
its side to fully expose the bone defect, the hatch was closed,
and the scanning was started. After the scan, the animal was
removed and the data were saved. Skyscan 1176 was used to
select the scanning parameters: energy/intensity of 65kVP,
385A, a scanning time of 283s, scanning accuracy of
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20% Mg-CPC 10% Mg-CPC 5% Mg-CPC
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FIGURE 1 | Surface morphology of CPC and Mg-CPCs samples by SEM. (A) The SEM images of CPC and Mg-CPCs samples after immersion in SBF (Scale bar =
3 pm). (B) EDS mapping of Ca (blue dots), Mg (red dots); EDS analysis elements’ composition on cement surfaces after immersion in SBF (Scale bar = 10 ym).

18.04 um, the bx2 mode, and a scanning angle of 0.5°, scanning
360° at once. NRecon software was used for 3D reconstruction,
DataViewer was used for analysis, and CTan was used to draw
VOI. We take ROI as a circle with a radius of 90 pixels and
analyze a thickness of 0.722 mm. On this basis, the circle with a
radius of 75 pixels was removed, and the remaining part is the
range of our analysis. The analysis included the tissue volume
(TV), the bone volume (BV), the relative bone volume or the
bone volume fraction (BV/TV) and Bone mineral
density (BMD).

2.4.3 Histology
The rats were sacrificed, and their femurs were taken and fixed in
4% paraformaldehyde for 24 h at 4 and 8 weeks. The samples

were decalcified using 10% EDTA, embedded in paraffin by an
embedding machine (EG11504, Leica), and cut to 4 pm thick by a
slicing machine (RM2235, Leica). The sections were stained with
H&E (Solarbio) and Masson trichrome stain (Solarbio) and
analyzed and photographed with a microscope panoramic scan.

2.5 Statistical Analysis

All the experiments had at least three independent replicates. The
experimental chart was made using GraphPad Prism 7. All the
results of each time point were presented as the mean + standard
deviation from three or more replicates. The statistical analysis
was performed by Student’s t-test and one-way analysis of
variance use SPSS 17. The p value <0.05 was considered
statistically significant.
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FIGURE 2 | XRD patterns of cement types. After immersion in SBF 0, 14, and 28 days, all the cement groups were freeze-dried to remove moisture and then
ground into a powder for tested. The results were compared with the standard card of HA (JCPDS 72-1243) and TTCP (JCPDS 25-1137) (H: HA, T: TTCP).
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3 RESULTS

3.1 The Material Characterization of
Magnesium-Releasing Calcium Phosphate

Bone Cement

3.1.1 Surface Morphology and Magnesium
Distribution

The SEM images of the CPC and Mg-CPC groups showed that
after setting, similar irregular crystals could be observed
(Figure 1A). As the immersion time increased, the irregular
crystals gradually disappeared. After immersion in SBF for
28 days, the irregular crystals were almost disappeared. Porous
structures could be observed in the Mg-CPC group, which was
due to the release of magnesium (Figure 1A). The EDS showed

that the calcium and the magnesium were uniformly distributed
throughout the cement samples, and the content of Mg was
increased by incorporating a higher ratio of magnesium
phosphate dibasic trihydrate (Figure 1B).

3.1.2 Crystal Structure

XRD patterns of CPC and Mg-CPC immersed in SBF were shown
in Figure 2. Diffraction peaks of all raw materials could be
observed at day 0, as well as diffraction peaks of HA,
indicating that hydration reaction of TTCP is incomplete
during cement solidification. As the immersion time increased,
the intensities of diffraction peaks attributed to HA increased,
while that of TTCP decreased, indicating that TTCP was hydrated
to form HA gradually. At the day 28, the diffraction peak of TTCP
disappeared and the broad diftraction peaks of HA was observed,
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FIGURE 3 | Material characterization of bone cement in vitro. (A) Compressive strength of CPC and Mg-CPCs samples after immersion in SBF at day 0 and 28
(n.s., no significant difference). (B) Ca released into PBS determined by ICP-MS. (C) Mg released into PBS determined by ICP-MS. (D) Cumulative release of Mg.

TABLE 2 | Compressive strength and setting time of cements.

Group CPC
Compressive strength (MPa)
Day O 9.64 + 3.21
Day 282 10.57 + 3.25
Setting time (min)
Initial 10.86 + 0.34
Final 21.39 + 0.51

AThe time of immersion in SBF.

indicating that TTCP in CPC group was completely hydrated and
amorphous HA were formed. Diffraction peaks of TTCP and HA
were detected in the Mg-CPC groups at day 28, indicating that the
hydration rate of TTCP was slower in Mg-CPC groups.

3.1.3 Mechanical Strength, Setting Time and /n Vitro
lon Release
The compressive strength of the cement samples (Figure 3A)
showed that, although the incorporation of Mg decreased the
compressive modulus of CPC, their mechanical strengths were
still close to cancellous bone. Furthermore, after immersion for 0
and 28 days, the compressive strengths of Mg-CPCs were almost
unchanged, confirming the long-term mechanical stability of Mg-
CPC. For comparison, MgO was also incorporated into CPC (MgO-
CPC) as a substitution of magnesium phosphate dibasic trihydrate.
After immersion in SBF, MgO-CPC quickly collapsed due to the fast
degradation rate of MgO (Supplementary Figure S1).

The setting time of CPC and Mg-CPCs are shown in Table 2.
The initial setting time of CPC and Mg-CPCs were about 10 min.

5% Mg-CPC 10% Mg-CPC 20% Mg-CPC
7.08 + 1.68 8.26 + 1.31 6.85 + 0.945
6.73 + 0.50 8.37 +2.22 7.42 £1.05
9.56 + 0.34 9.89 + 0.26 11.05 £ 0.25
166 +£0.5 17.77 £ 0.25 19.38 + 0.583

The final setting time of Mg-CPCs decreased with the addition of
DMPA compare with CPC. However, with the addition of DMPA
increased, the setting time also increased.

The Ca ion concentration in the extract was shown in
Figure 3B. An initial burst release was observed on day 1.
After that, the release rate rapidly decreased. The ratio of Mg
showed no effect on the release profiles of calcium.

The release profiles of Mg ion are shown in Figure 3C. Similar
to Ca, initial burst releases on day 1 were observed in all the
groups. After that, the release rates of Mg rapidly decreased until
day 7, when near zero-order releases were achieved.

3.1.4 Effects of Magnesium-Releasing Calcium
Phosphate Bone Cement on Human Bone Marrow
Mesenchymal Stem Cells

To verify the effect of Mg-CPC on hBMMSCs, we used bone
cement extract to test cytotoxicity, ALP activity, and in vitro
mineralization. As shown in the figure, we tested the cell activity
on day 1 and day 3 under the extract culture conditions and found
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FIGURE 4 | Effect of cement on hBMMSCs. (A) Cell viability assay of CPC and Mg-CPCs. (B) ALP activity assay of CPC and Mg-CPC. (C) Alizarin red staining of
CPC and Mg-CPCs (*p < 0.05).

that the cell viabilities of all the cement groups were higher than ~ observe bone maturation, mason trichrome stain was used.
that of the blank control group, and none of the cement groups ~ Mature bone (red color) could be observed in the 20% Mg-
showed any toxicity to hBMMSCs. Indicating that all the cement ~ CPC at week 4, which was not observed in the CPC group. More
samples had good biocompatibility (Figure 4A). red color appeared in the 20% Mg-CPC group at week 8,

In the ALP activity test, we detected ALP activity on day 3,day  suggesting more mature bone in the 20% Mg-CPC group
7,and day 14 and found that on day 3, no difference was observed ~ (Figure 5B).

between the cement group and the control group. The ALP Micro-CT evaluations were performed at 4 and 8 weeks after
activity of the 20% Mg-CPC group significantly increased on  surgery. To visually observe the new bone formation, we
day 7 and day 14 (Figure 4B). performed a three-dimensional reconstruction of the bone

The mineralization effects of the Mg-CPCs were evaluated  defect site (Figure 6A). No significant difference was found in
using alizarin red staining, which stained the calcium nodules in  the bone volume of the new bone formation between the CPC and
ECM into a red color. The results showed that the 20% Mg-CPC  the Mg-CPCs at week 4. The bone volume of newly formed bone
group exhibited more calcium nodules compared with the control ~ was significantly different in the 20% Mg-CPC group compared
group and the other Mg-CPC groups. The ALP test and alizarin ~ to the CPC and 10% Mg-CPC group at week 8 (Figure 6B). By
red staining demonstrated that 20% Mg-CPC had the best  calculating the BMD, we found that there was a significant

osteogenic effects. difference between 20% Mg-CPC and CPC at week 4.
However, at the week 8, the BMD was significantly different
3.1.5 Animal Study in Mg-CPC groups compared to the CPC group, with 20% Mg-

To investigate the osteogenic effect of magnesium release cement ~ CPC groups having the highest BMD (Figure 6C).

in vivo, we used a rat model of a critical bone defect of the femur

(Figure 5A). Histological staining was performed at 4 and  3.1.6 Effects of Magnesium-Releasing Calcium

8 weeks after bone cement implantation. Decalcification was ~ Phosphate Bone Cement on RAW 264.7

performed without the implant being removed. The H&E  Immunofluorescence staining analysis of the polarization of the
staining results showed that a small amount of bone tissue = macrophages (Figure 7A) in the negative-control group did not
could be observed in 20% Mg-CPC at week 4, but not in the  show signs of INOS and arginase. In all the cement groups, iNOS
control group. Interestingly, a large amount of bone tissue was ~ and arginase obtained different degrees of signal expression; the
observed in the 20% Mg-CPC at week 8 (Figure 5A), suggesting ~ iNOS signal was weaker compared with the arginase signal,
new bone had thoroughly grown into the 20% Mg-CPC. To  indicating that CPC could simultaneously promote the
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FIGURE 5 | Histological staining after surgery. (A) H&E staining (scale bar = 2,000, 500, 100 pm); (B) Masson trichrome stain, red color represents mature bone

20% Mg-CPC

polarization of RAW 264.7 toward the M1 and M2 types, while
the effect of promoting the polarization of the M2 type was
stronger.

By comparing the mean fluorescence intensity of the two kinds
of cements, we found no significant difference in the M2 markers
between them, but CPC expressed more M1 markers (Figure 7B).

To verify magnesium-releasing CPC of macrophage
RAW264.7 cell toxicity in mice, we used the bone cement
extract for the cytotoxicity test (Figure 8F). Under the
condition of extract culture, we tested the cytotoxicity at 1 and
2 days. On the first day all the cement groups showed no toxicity

compare with the control group, however, CPC cell activity was
lower than 80% in the control group, indicating cell toxicity at
day 2.

To measure the gene expression of pro-inflammatory
cytokines and anti-inflammatory cytokines, a q-PCR test was
used. The expression of TNF-a (Figure 8E), IL-6 (Figure 8A),
and I1-1P (Figure 8B) of the pro-inflammatory cytokine were all
lower in MG-CPC than in the blank control group. The 20% Mg-
CPC inhibited the gene expression of pro-inflammatory cytokine.
In terms of the expression of anti-inflammatory cytokine genes,
both CPC and Mg-CPC promoted the expression of IL-1RA
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FIGURE 6 | Micro-CT evaluation after surgery. (A) 3D reconstruction models of new bone formation at the defect sites at different time points; (B) The Percent bone
volume (BV/TV) of newly formed bone tissue at 4 and 8 weeks after surgery; (C) The bone mineral density values of different cement groups at 4 and 8 weeks after
surgery ("p < 0.05).

(Figure 8C), but showed no effect on the expression of the IL-10  to examine the causes and mechanisms of its limited bone-
(Figure 8D) gene. A further ELISA assay showed that the  promoting ability.
concentration of IL-1RA in the 20% Mg-CPC had significantly CPC is highly biocompatible with almost no toxicity, while
increased at day 3 (Figure 8G) compared to the CPC group. magnesium, as one of the elements of human body, has no
cytotoxicity in the appropriate concentration range and has
demonstrated good biological safety (Feyerabend et al., 2010).
4 DISCUSSION This study also found no cytotoxicity in the treatment of
hBMMSCs (Figure 4A). Many articles have reported the
Evaluations of bioactive materials are suitable for clinical inquiry ~ beneficial effect of magnesium ions on bone formation, and
and are important in determining biological characteristics. CPC ~ they can regulate the osteogenic differentiation of hBMMSCs
has good biological characteristics. For example it is similar to the ~ in various ways to promote bone healing. Studies have found that
composition of bone in terms of its hydration properties.  magnesium ions can significantly improve the activity of alkaline
Moreover, its absorption rate is consistent with the speed of = phosphatase and the expression of osteogenic-related genes,
new bone formation, it does not affect the bone healing process,it ~ promote the osteogenic differentiation of mouse MC3T3-el
is easy to shape, and it has no obvious side effects. Its potential ~ pre-osteoblasts, and promote the mineralization of the
clinical applications is strong compared to other bioactive  extracellular matrix (Wong et al., 2013). Magnesium ions can
materials (Won et al., 2010). Unfortunately, the effect of CPC enter the periosteum and induce neurons to produce a calcitonin
alone on osteogenesis is limited, which may cause bone healing  gene-related polypeptid-a (CGRP) and stimulate periosteum-
delay or even implant failure. Many researchers have improved = derived stem cells (PDSCs) to undergo osteogenic
CPC; however, few studies have been done on the mechanisms of ~ differentiation to promote bone healing (Zhang et al., 2016).
its limited osteogenic effects. Immune regulation plays an  The 20% Mg-CPC synthesized in this study could significantly
important role in osteogenesis, and the limited osteogenic = improve the activity of ALP and promote the mineralization of
qualities of CPC may be related to immune regulation. =~ ECM (Figure 4C), while the ALP activity of CPC significantly
Magnesium has excellent bone-promoting and immune  decreased on day 14 (Figure 4B), indicating that CPC had an
regulation abilities (Hu et al., 2018; Nabiyouni et al, 2018).  inhibitory effect on the osteogenic differentiation of hBMMSCs.
Therefore, magnesium was introduced into CPC in this study  In addition to the decreased ALP activity, other mechanisms of
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inhibiting hBMMSCs osteogenic differentiation need to be
demonstrated in further studies. The animal study showed
consistent results the in vitro study, and the 20% Mg-CPC
showed better osteoconduction (Figure 5) and osteogenesis
(Figure 6).

Immunomodulatory function is believed to play a key role in
the process of bone healing (Takayanagi, 2007). The bone healing
delay caused by CPC is also related to the effect of CPC on
immune regulation. When the macrophage RAW264.7 was
treated with extracts of CPC and Mg-CPC, the Mg-CPC group
had no cytotoxicity, but the CPC group showed cytotoxicity
(Figure 8F), indicating that CPC has a negative effect on
immune cells that was ameliorated by magnesium ions.
Macrophage polarization is one of the manifestations of

immune regulation. MIl-type  macrophages  promote
inflammation, and M2-type macrophages promote wound
healing. The immunofluorescence staining in this study
showed that the two phenotypes of Ml-type and M2-type
macrophages coexisted, but there were more MI-type
macrophages in CPC group than in Mg-CPC group
(Figure 7). The NF-kB signaling pathway is closely related to
inflammatory and immune responses, and the activation of the
NF-xB signaling pathway promotes the expression of pro-
inflammatory cytokines, which further activates the NF-kB
signaling pathway. Sustained activation of the NF-«B signaling
pathway leads to long-term inflammatory responses that lead to
cellular damage and inhibit osteogenic differentiation (Lin et al.,
2017). In this study, the anti-inflammatory cytokine IL-1RA gene
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FIGURE 8 | The effect of CPC and Mg-CPC on RAW264.7. (A-E) Gene expression of IL-6, IL-1p, IL-1Ra, IL-10, and TNF-a after culture on cement, detected by
real-time PCR assay. (F) Cell viability assays. (G) The concentration of IL-1RA in the supernatant of RAW264.7 using ELISA (p < 0.05).

was significantly up-regulated in Mg-CPC-treated macrophages;
a further ELISA assay showed that the concentration of IL-1RA
had significantly increased. The anti-inflammatory cytokine IL-
1RA effectively blocked the binding of IL-1 to its membrane-
bound receptor IL-1RI (Gabay et al., 2010), thereby inhibiting the
NF-«B pathway activation. In macrophages treated with CPC,
inhibiting inflammatory cytokines IL-1RA have also been raised,
but the pro-inflammatory cytokines TNF-a gene increases, and
the TNF-q, IL-6, and IL-1p genes in macrophages treated with
Mg-CPC groups were down-regulated (Figures 7A-E). TNF-a
can continuously activate the NF-«xB pathway (Wang et al., 2017),
produce inflammatory cytokines, and inhibit bone formation by
blocking the Wnt signaling pathway (Vincent et al., 2009). The
release concentrations of calcium ion were similar between the

CPC group and the Mg-CPC groups. In summary, CPC is
cytotoxic to macrophage RAW264.7 in vitro and promotes the
secretion of TNF-a by macrophage RAW264.7 to activate the NF-
kB pathway, promote an inflammatory response, and inhibit
osteogenic differentiation that leads to a bone healing delay
(Ye et al, 2016; Yu et al, 2020). The introduction of
magnesium can ameliorate these adverse effects and inhibit
TNF-a production, thereby reducing the release of pro-
inflammatory cytokines (Weglicki et al., 1992).

Magnesium is one of indispensable elements in the human
body’s life activities. A large number of studies have found that
the mechanical properties of magnesium alloys can promote bone
growth in vivo along with biological activity to accelerate fracture
healing. However, magnesium alloys will gradually and
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eventually degrade (Witte, 2010), and the corrosion rate of
magnesium alloys is too fast; it cannot provide mechanical
support for a long time, and its corrosive byproducts are
harmful to the local microenvironment (Wong et al., 2010),
limiting its clinical application. Therefore, this study
introduced magnesium into calcium phosphate cement to
explore the potential of this combined material.

The water-resistance and collapsibility of bone cement is an
important factor for its clinical application. If rapid collapse
occurs after bone cement is implanted, it cannot provide a
support role, and it also produces a large number of vesicles
containing inflammatory exudates. Moreover, it increases the
infiltration of inflammatory cells, aggravates the inflammatory
response, and may result in embolism formation in the blood
vessels, which are serious consequences (Miyamoto et al., 1999).
In our previous studies, we have accelerated the solidification of
CPC by optimizing concentration of citric acid in liquid phase,
which functioned as a chelation agent for calcium ions (Kuang
et al,, 2012). In this study, citric acid in the liquid phase can
chelate calcium ions and magnesium ions to form complex,
accelerate cement solidification, and resist water and collapse.
PVP in the liquid phase were increase the viscosity of water agent,
and stability of the system. PVP could also improve the
thixotropy after mixing, which would improve the injectability
and facilitate to shaping of bone cement in the clinical
requirements. The water resistance experiment results show
that the MgO group quickly collapsed in a PBS solution, but
the magnesium and hydrogen phosphate groups still maintained
complete form after immersion in PBS for 3 months
(Supplementary Figure S1). It showed that the addition of
MgO had a great influence on the bone cement system, and
its water-resistant ability was directly lost. It suggested that
hydration products of MgO disrupt the crosslinking network
of the CPC system. However, magnesium hydrogen phosphate
can be well integrated into a CPC system so that it can maintain
good water resistance and collapse-resistant ability.

Mg-CPC offers long-term stable magnesium release and
mechanical strength. Even as a non-weight-bearing bone repair
material, bone cement can maintain a certain mechanical
strength for a long time, which is very important for clinical
applications (Yetkinler et al., 2001). In this study, the mechanical
strength of the Mg-CPC decreased compared with bone cement
(Figure 3A), indicating that the introduction of magnesium had an
adverse effect on the original mechanical strength. This adverse effect
occurs after the Mg-CPC has solidified. After immersion in SBF and
using SEM to observe the surfaces of the bone cement groups
(Figure 1A), the crystals gradually disappeared as the hydration
reaction progressed, and the HA in the cement gradually increased,
as determined by XRD (Figure 2). With an increase of HA, the
mechanical strength should be enhanced (Lacout et al, 1996).
However, no increase in mechanical strength was observed in our
results, which may be due to the release of the magnesium ions. In
the Mg-CPC groups, a large number of magnesium jons appeared to
be releases in the first 3 days, and the subsequent release became
stable (Figure 3C). The release of magnesium accounted for more
than 40% of the added weight at day 28 according to theoretical
calculations, while the release of calcium in all the groups was

Bioactive CPC for Bone Repair

negligible. Magnesium release reduces mechanical properties, while
HA formation increases mechanical properties. To sum up, our
results showed that, the sustained release of magnesium and long-
term mechanically stable can be achieved at the same time by
synergistic effects of DMPA and citric acid. Based on the
chemical properties of magnesium hydrogen phosphate dissolved
in dilute acid, DMPA dissolves in citric acid and the released
magnesium ions are chelated by citric acid and citric acid also
can chelate the calcium ions of TTCP in the early hydration reaction
(Yu et al, 2019). As the chelation reaction progresses, chelate
complex and the hydration products to form the cross-linking
network, slow down the TTCP hydrolysis (Shi et al., 2019; Zhong
et al., 2020), that’s why we can still observe the diffraction peak of
TTCP in the XRD pattern on day 28 (Figure 2). Although will slow
down the formation of HA, but the cross-linking network can
improve the water resistance ability of Mg-CPC, so that it is not
to collapse in water (Supplementary Figure S1), and maintain long-
term mechanical stability (Figure 3A). After setting, the PH value
increases, the solubility of DMPA decreases and slowly hydrolyzes in
water, therefore, the magnesium ions sustained release have
achieved.

In conclusion, the poor ability of CPC to promote bone
healing is mainly manifest in two aspects: stem cell
osteogenesis and immune osteogenesis. In vitro study, CPC
had no cytotoxic effects on hBMMSCs, but inhibited ALP
activity at day 14, was cytotoxic to macrophages, and
promoted the secretion of the pro-inflammatory cytokine
TNF-a by macrophage RAW 264.7. Mg-CPC can enhance the
activity of ALP, the mineralization ability on hBMMSCs, suppress
the M1 polarization of macrophage and the expression of anti-
inflammatory cytokine IL-1RA on macrophage RAW 264.7. In
the animal study, magnesium ions were shown to improve the
osteoconduction ability of CPC. In addition, the Mg-CPC
synthesized in this study had anti-collapsibility, long-term
stable mechanical properties and showed no significant
difference in compressive strength from CPC; it also showed a
magnesium sustained-release capability. These factors suggest
that Mg-CPC should be a good substitute material for bone
grafts in clinical use.
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With the development of three-dimensional (3D) printed technology, 3D printed alloy
implants, especially titanium alloy, play a critical role in biomedical fields such as
orthopedics and dentistry. However, untreated titanium alloy implants always possess
a bioinert surface that prevents the interface osseointegration, which is necessary to
perform surface modification to enhance its biological functions. In this article, we discuss
the principles and processes of chemical, physical, and biological surface modification
technologies on 3D printed titanium alloy implants in detail. Furthermore, the challenges on
antibacterial, osteogenesis, and mechanical properties of 3D-printed titanium alloy
implants by surface modification are summarized. Future research studies, including
the combination of multiple modification technologies or the coordination of the
structure and composition of the composite coating are also present. This review
provides leading-edge functionalization strategies of the 3D printed titanium alloy implants.

Keywords: 3D-printed, titanium alloy, implant interface, surface modication, surface functionalization

INTRODUCTION

Titanium alloy has been extensively used in the medical fields of orthopedics, dentistry, and vascular
surgery owing to its high strength, low density, high corrosion resistance, and excellent
biocompatibility (Dominguez-Trujillo et al,, 2018). Traditional titanium alloy implants have
been manufactured by iso-material mold casting or subtractive technologies such as machining,
multipoint forming and NC machining (Minto et al., 2020; Khorasani et al., 2016; Herzog and Tille
2021; Markopoulos et al., 2018). Hence, they are difficult to simulate the structure of cortical bone
and cancellous bone in real bone tissue (Bozkurt and Karayel, 2021). With the advent of 3D-printed
technology, these issues may be solved. The use of 3D-printed medical devices in the direct treatment
of patients has increased considerably since 2015. And the most prevalent is in surgery, especially in
orthopedics (36%) and orthopedic oncology (32%), followed by maxillofacial surgery (6%),
neurosurgery (4%), and plastic surgery (1%) (Kermavnar et al., 2021). 3D-printed technology is
divided into powder bed method and power deposit method. The energy source is controlled by a
computer system to scan and treat discrete materials distributed layer by layer, in order to directly
form parts with a 3D structure (Figure 1) (Wang et al., 2017). Various types of 3D-printed
technologies such as fused deposit modelling (FDM), stereolithography, and laser sintering have
been used in the manufacture of orthopedic implant (Liaw and Guvendiren, 2017). Compared to
traditional implant manufacturing methods, 3D-printed technology has two advantages. In terms of
microstructure, 3D-printed technology can precisely control the Young’s modulus of the prosthesis
to match natural bone by predesigned pores that can effectively reduce the stress shielding effect of
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FIGURE 1 | 3D-printing of titanium alloy process diagram (A) 3D-printed customized implant data acquisition process (Sing et al., 2016). (B) Process chain for
preparing orthopedic implants by 3D-printed technology (Sing et al., 2016). (C) Schematic diagram of powder bed process (Wang et al., 2017). (D) Lens process

the implant and reduce the incidence of peri implant osteolysis
(Minto et al., 2020). In terms of macro structure, implant shape
can be designed with 3D-printed technology, accurately matching
the complex bone defect through computed tomography (CT)
images, so as to achieve the dual adaptation of the mechanical
properties and shapes of the implant to the natural bone tissue
(Wong, 2016). The different between traditional titanium alloy
implant manufacturing method and 3D printing technology have
been summarized in Table 1.

With the rising number of orthopedic implant surgeries,
patients face the risk of bacterial infection, poor
osseointegration, and aseptic inflammation (Bauer and Schils
1999; Ding et al.,, 2020; Zardi and Franceschi, 2020). Although
titanium alloy has the advantages of excellent biocompatibility
and corrosion resistance, titanium alloy has three obvious
disadvantages (Dominguez-Trujillo et al, 2018). First,
untreated titanium alloy implants always possess a bioinert
surface that prevents reactions between the organism and
implant. Second, a titanium alloy implant is unable to prevent

bacterial infection by itself. Third, although titanium alloy
materials have good biocompatibility, once the oxidation film
on the surface has been damaged, harmful metal ions may enter
the blood circulation, resulting in serious consequences (Wang C
et al, 2018). In recent years, the development of surface
modification technologies has provided new ideas for resolving
the aforementioned problems. Researchers change the surface
morphology or add certain substances to implant surface to
achieve the effects of anti-infection, osteogenesis, wear
resistance, corrosion resistance, and oxidation resistance
(Zhang S et al.,, 2015; Li B et al, 2019; Maimaiti et al., 2020;
Tang et al., 2020). Basically, 3D-printed titanium alloy surface
modification technologies can be divided into three categories:
chemical modification technologies, physical modification
technologies, and biological modification technologies. Within
chemical modification technologies, implants are usually exposed
to a chemical solution or gas that bond to bioactive substances by
chemical links (Zhang S et al.,, 2018; Llopis-Grimalt et al., 2020).
Different from chemical methods, physical surface modification
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SCHEME 1 | Surface modification technologies and biological
functionalization of 3D-printed titanium alloy implants.

technologies do not change the chemical properties of substrate
materials, but depend on lasers, high-energy particles, ultrasonics,
and magnetic fields to modify the surface appearance and
microscopic morphology of titanium alloy materials (Ma et al.,
2017; Shin et al, 2017; Guo et al., 2020). Biological surface
modification technologies may also form chemical bonds
between implant surface and coating, but they mainly combine
bioactive materials on the implant surface by using Van der
Waals force, electrostatic interaction, and hydrogen bonds (Amin
Yavari et al, 2020). The different surface modification
technologies advantages and disadvantages have been
summarized in Table 2. Some technologies often use multiple
physical, chemical, and biological processes to establish various
surface topographies on the implant surface.

Surface modification technologies are key factors that enhance
the bionic properties of implants. This review focuses on

Surface Modification of 3D-Printed Implant

chemical, physical, and biological surface modification
technologies in the application of 3D-printed implants. In
addition, the article also summarizes the performance of
implants after surface modification with respect to
antibacterial, osteogenesis, and mechanical properties, and
provides further details to improve the surface modification
technologies and manufacture biomimetic implants with
excellent performance in the future (Scheme 1).

SURFACE MODIFICATION TECHNOLOGY

Surface modification refers to the method of improving the
biological properties by preparing coatings or changing the
surface morphology of implants (Figure 2). The different
surface modification technologies, coating materials and
functions have been summarized in Table 3.

Chemical Surface Modification

Chemical surface modification technologies include anodic
oxidation, micro-arc oxidation, electrophoretic deposition,
chemical vapor deposition, alkali heating and atomic layer
deposition. These technologies facilitate the formation of
chemical bonds to connect new substances with strong
binding force. In addition, the chemical surface modification
technologies have been adapted by the implants with complex
shapes and have great prospects of application in the
modification of 3D-printed implants (Xiu et al., 2016; Su
2021).

Anodizing

Anodizing belongs to electrochemical technology, which has been
widely used in sewage treatment, battery energy, and
bionanotechnology (Mandal et al., 2017; Davoodi et al., 2020;
Janaina and Santos, 2021). In recent years, anodizing has been
extensively used in implant surface for modifications owing to its
simplicity, economy, and universality (Tang et al,, 2016). In
anodizing, titanium alloy is used as the anode, and lead or
platinum plate is used as the cathode. The positive and
negative jons in the electrolyte diffuse to the anode through
the action of an electric field, and then the oxidation-reduction
reaction occurs, forming a micro-nano structure on the titanium

TABLE 1 | Summary of different implant manufacturing technologies, manufacturing principle, cost and personalization.

Implant manufacturing
technology

Machining
Multipoint forming

NC machining

3D-printed technology

Manufacturing principle

Using turning, milling and grinding ect. to form base material with specific shape
Creating a mould that can be adapted to the part to be produced and thus it is not
necessary to produce a mould for each individual part

Using the control system sends out instructions to make the cutting tool make
various movements that meet the requirements, and represent the shape and size
of the workpiece in the form of numbers and letters for machining

Firstly, the 3D image is obtained by CT scanning, then the raw material powder is
deposited layer by layer by computer-controlled 3D printer, and finally the molten
material is cast into a pre-designed 3D shape

Cost Personalization References

High Poor Khorasani et al. (2016)

Low Poor Herzog and Tille (2021)

High Great Markopoulos et al.
(2018)

Low Great Wang et al. (2017)
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TABLE 2 | Summary of surface modification technology, advantages and disadvantages.

Surface Advantages

modification

technology

MAO Low cost, simple equipment, easy operation, high
coating efficiency, strong adhesion with base
material, adapt to complex structures, high
biological activity, high wear resistance

Anodizing Low cost, simple equipment, easy operation, high
biological activity, form TiO, nanotube structures,
reduce bacterial adhesion

EPD High-quality coatings, adapt to complex
structures, precise controllable coating thickness

CVD High-quality coatings, adapt to complex structures

ALD Precise thickness control, nano-precision coating,
exceptional large-area uniformity, strong bonding
strength, low growth temperature, excellent
reproducibility

Alkali heating Low cost, simple equipment, easy operation, high
biological activity

LSE Accurately control the 3D shape of the coating

AP Strong adhesion with base material, low deposition

Shot peening

temperature
Increase fatigue resistance and wear resistance of
implant

UNSM Improving the yield strength and wear resistance

LBL Low cost, simple equipment, easy operation,
precise coating control

Hydrogel Low cost, simple equipment, easy operation adapt

Disadvantages

Reducing the fatigue strength of the base
material

Reducing the fatigue strength of the base
material, the coating quality is poor

than MAO

High temperature sintering is required
when depositing specific materials

High cost, high equipment demand, high
temperature environment required

High cost, low working voltage, and
slower coating production speed

The coating state cannot be accurately
controlled

High temperature environment required
High equipment demand

May have certain cytotoxicity

High equipment demand
Poor adhesion with base material

Poor adhesion with base material
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to complex structures, excellent drug carrier

surface (Park et al., 2008). Anodizing is usually performed under
galvanostatic conditions, up to a determined cell voltage or the
passage of a determined charge, or by potential sweep. The
process parameters which most frequently determine the
properties of the growing oxide are the electrochemical
parameters (current density, cell voltage, possible stabilization
time) as well as the electrolyte specifications (com-position, pH,
and temperature) and of course, the composition of the metal
itself and its surface conditions (Diamanti, et al., 2011). With the
increase in voltage, the size of the micropores of the oxide film
increase, the anatase and rutile phases co-exist in the porous layer
of titanium dioxide (TiO,) (Park et al., 2008). The TiO, film with
micro-nano structure exhibits lower contact angle (higher
hydrophilicity) and higher surface energy (Minagar et al,
2013). That is conducive to the faster proliferation of
osteoblasts on the implant surface. In addition, anodic
oxidation also forms TiO, nanotube structures on the titanium
alloy. This nanotube structures can improve osseointegration by
promoting the adhesion of the bone apatite layer. Furthermore,
it also reduces bacterial adhesion to inhibit bacterial growth
(Pengetal., 2013; Sarraf et al., 2021). Moreover, TiO, nanotubes
are often used as carriers to transform drugs or cells. On the one
hand, researchers enhance bone growth by integrating CaP,
BMP-2, metformin, and other osteogenic active substances into
nanotubes (Li J. L et al., 2019; Hashemi et al., 2020; Yao et al.,
2020). In addition nanotubes are used to incorporate
antibacterial agents such as Ag*, Cu®*, vancomycin, and
gentamicin to improve the antibacterial properties of

implants (Caliskan et al., 2014; Li M et al., 2015; Wang et al,,
2016; Zong et al, 2017). The diameter and length of TiO,
nanotubes are dependent on electrochemical oxidation
conditions such as electrolyte type, concentration, pH,
applied potential, and oxidation time (Minagar et al., 2012).
However, there is no explicit data to determine the optimal
nanotechnology that is conducive to cell response, and further
research is needed to find the optimal size of nanotube length
and diameter.

Microarc Oxidation Technology

Microarc oxidation (MAO), also known as plasma electrolytic
oxidation (PEQ), is a common metal surface modification
technology (Shimabukuro, 2020). As an upgrade of anodic
oxidation technology, MAO can prepare higher quality
coatings. Compared with anodic oxidation, MAO coating has
higher wear resistance and corrosion resistance (Chen et al,
2007). MAO is the method of using arc discharge to enhance
and activate the reaction on the anode on the basis of ordinary
anodic oxidation, to form a high-quality reinforced ceramic film
on the metals (Li et al., 2004). In the electrolytic oxidation
process, various parameters affect the quality of the coating,
such as voltage, type of current, electrolyte composition,
substrate material, and process duration (Sikdar et al., 2021).
Similar to anodizing, MAO also forms porous micro-nano
structure on the implant surface. The structure not only
enables the implant to form contact bone formation with the
surrounding bone tissue rather than distance bone formation,
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FIGURE 2 | Schematic diagram of chemical, physical, and biological surface modification technologies. (A) Implant surface microstructure produced by
electrophoretic deposition (Surmeneva et al., 2019). (B) Microstructure of implant surface produced by laser peening (Soyama and Takeo, 2020). (C) Surface
microstructures of implants produced by hydrogel packaging (Mieszkowska et al., 2020).

which greatly increases the binding force and stability of the
implant, but also enhances the wear resistance of implant (Xiu
et al., 2016). Moreover, the implant surface treated by MAO has
high osteogenic activity. This may be because the micro-nano
porous surface has a high degree of roughness and hydrophilia
(Ribeiro et al., 2015). This is more conducive to the adhesion and
proliferation of osteoblasts. Furthermore, MAO can also firmly
binds to the materials on the surface of the implant by electrolysis
of a specific electrolyte solution to prepare coatings (Komarova
et al, 2020). Common coatings include CaP, Sr**, BMP-2,
chitosan, and vancomycin (Yao et al, 2010; Kim S.-Y. et al,
2019; Li N et al., 2019; Shimabukuro 2020; Zhang T et al., 2020;
Zhao B et al.,, 2020). In addition, researchers are combining MAO
with other surface modification technologies to produce
multifunctional coatings. For instance, ultrasonic MAO
(UMAO) was achieved by combining ultrasonic technology
with MAO. A study showed that antibacterial properties and
cell adhesion of Ti-Cu alloy can be enhanced by UMAO
treatment (Hu et al, 2020). The microwave-assisted
hydrothermal method is used to treat the nano-surface formed
by MAO to form discrete nano-morphologies and retain the

original micro pores, sub-micron pores, surface calcium, and
phosphorus content. Lin et al. (2019) reported that MAO coating
treated by MWDD has strong hydrophilicity and cell adhesion.
Finally, the coating prepared by MAO may reduce the fatigue
strength of implants and the fatigue limits of the MAO samples
decreases as the coating thickness increasing (Kong et al., 2015).
Therefore, in the future work, it is crucial to find out the best
process parameters to control the thickness of MAO coating.

Electrophoretic Deposition Technology

Electrophoretic deposition (EPD) is used to prepare high-quality
coatings on materials (Pishbin et al., 2014). Over the past few
years, EPD has accelerated its application in the field of implant
surface modification because of lower cost, simple process, and
superior coating quality (Maciag et al., 2021). Unlike anodizing,
anodizing is the anodic electrochemical technique while
electrophoretic and cathodic depositions are the cathodic
electrochemical techniques (Kim and Ramaswamy 2009). EPD
is a colloidal treatment generally performed in a two-electrode
electrolyte cell. Under the action of an electric field, the charged
particles suspended in the solution move and are deposited on the
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TABLE 3 | Summary of surface modification technology, coating constructing methods, and functions.

Implantmaterial

TicAlLV

TigAlV
TigAlV

TigAl,V

TigAl,V

TigAl,V

Pure Ti, TigAl,V

TigAlaV

TigAl,V

NiTi

Pure Ti

TigAl,V

3D-printed

method

SLM

SLM

EBM

EBM

EBM

SLM

SLA, LES,
SLM Laser
cladding
SLM
DMLS

SLM

SLM

EBM

Surface

modificationtechnology

MAO

Anodizing
EPD

CVD

ALD

Alkali heating

LSE

AP

Shot peening

UNSM

LBL

Hydrogel

Coating
materials

Ag™, Sr, CaP,
BMP-2,
Vancomycin

Ag™, HA, MBG,

MTANi

CaP, AgNPs,
Vancomycin
Quercitrin

AN

Sr, HA, Ga

SigNy, CaP,
TIN-TIB, SiC

Mg, Ti-Cu/Ti-
Cu-N
No

No

Gelatin,
Chitosan,
BMP-2,
Vancomycin
Rifampicin

HA,
Phloroglucinol,
Simvastatin

Function

MAO can produce micro-nano structures that promote
osteogenesis on the implant surface, and different substances can
be deposited by changing the electrolyte

Anodic oxidation can form TiO, nanotube structure on the surface
of implants, which can be used as a carrier for a variety of drugs.
Electrophoretic deposition can deposit solid particles suspended in
solution on the implant surface to form a uniform coating

CVD deposited gaseous substances on the implant surface to form
uniform coatings, and prepared coatings with different functions by
depositing different substances

ALD can deposit materials on the implant surface in the form of
monatomic fims, and there is a correlation between each layer of
atomic films.

Alkali heating can form micro-nano surfaces with osteogenic
induction ability on the implant surface.

LSE can form a coating with 3D shape on the substrate by
controlling the movement of high-energy laser source.

AIP forms a coating with strong adhesion on the implant surface by
plasma bombarding gas substances.

Shot peening can produce a strengthening layer with high residual
stress on the implant surface to improve the fatigue strength of the
implant.

UNSM produces plastic deformation by impacting the implant
surface with ultrasonic and shot peening to improve the wear
resistance and tensile strength of the implant.

LBL can alternatively deposit different substances on the implant
surface by means of molecular interaction to form a coating with
complete structure, stable performance, and specific function.

Hydrogels can encapsulate different drugs in hydrogels and control
the release of drugs through the degradation of hydrogels.
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substrate in an orderly manner, thus forming films and coatings
(Boccaccini et al., 2010). The electric field and colloidal solution
determine the properties of EPD coating. Among the most
important parameters related to the EPD suspension, particle
size is worth mentioning, as it directly affects the stability of the
electrolyte. No general law has been defined regarding this
criterion, although concerns with respect to the settlement due
to gravity of larger particles have been reported (Bakhshandeh
and Amin Yavari 2018). The advantage of EPD is prepares
uniform coatings and achieves a precise controllable coating
thickness (Seuss et al, 2014). Furthermore, owing to the
electrolytic process being carried out in solution, EPD is
capable of covering the substrate materials with a complex
shape. EPD is widely used in preparing inorganic coatings on
the surface of orthopedic implants, such as hydroxyapatite (HA),
graphite oxide (GO), and Ag" in coatings (Boccaccini et al., 20105
Shalom et al., 2018; Dulski et al., 2020; Srimaneepong et al., 2020).
Moreover, the depositing environment of EPD is milder than the
technologies requiring high temperature environment, such as
plasma spraying and chemical vapor deposition. Accordingly,
EPD is suitable for the preparation of organic bioactive coatings.
For the past few years, EPD has been used to deposit various
organic bioactive coatings such as bovine serum albumin (BSA)
coating and double-layer silk fibroin (SF) coating layers (Hohn
et al,, 2017; Cheng et al., 2021). These biomimetic coatings show
more powerful osteoinduction than traditional inorganic
coatings.

Chemical Vapor Deposition Technology

Chemical vapor deposition (CVD) is used for solvent-free
preparation of thin films and coatings (Khlyustova et al,
2020). The CVD system comprises three parts: a chemical gas
precursor supply system, a chemical vapor repository reactor, and
an exhaust gas treatment system. The CVD process begins with
the generation of reactive gas reactants in the chemical gas pre-
supply system; then, the reactants are pushed into the reactor
with inert gas for reaction, and finally the reactants are adsorbed
on the heated substrate to form a thin film. CVD coats the base
materials with intricate shapes and deposits thin films with
excellent coverage (Choy, 2003). CVD is often used to prepare
diamond coatings (Pandey et al., 2021). For instance, Aaqil Rifai
et al. (2018) prepared diamond coating on the surface SLM-Ti by
CVD. The experimental results showed that the coating can
promote cell proliferation and inhibit the growth of bacteria.
However, complex equipment and high cost limit the application
of CVD. In addition, traditional CVD may damage temperature-
sensitive materials (base materials or coating materials).
Moreover, the inefficiency of the precursor gas heating process
leads to a major waste of energy (Zhao et al., 2019). Recently,
researchers have transformed the energy supply mode of CVD by
using different energy sources, so that CVD can be carried out at
lower temperature, such as plasma enhanced chemical vapor
deposition (PCVD) and initiation chemical vapor deposition
(iCVD). In the PCVD process, high-energy plasma is used to
provide the energy necessary for the reaction and render the
preparation of coatings with a high temperature environment
unnecessary (Okada, 2016). Moreover, iCVD is a new type of

Surface Modification of 3D-Printed Implant

green polymer film preparation method. Its principle is to utilize
an initiator to crack at a lower heating temperature to polymerize
the monomer into a polymer film and deposit on the surface of
the substrate (Su et al., 2020). The reaction conditions of iCVD
are milder and more controllable than PCVD, and it is able to
perfectly retain the required functional groups. In this regard,
iCVD has the advantage of depositing organic coating materials.
In a study, iCVD was used to secure thBMP2 to the surface of
titanium implants. Compared to the untreated implant, iCVD-
treated implant significantly increases osteoinduction and
calcium deposition (Youn et al., 2019).

Alkali Heating

Alkali heating is a simple and economical surface modification
technology. It is often used to increase the surface of titanium
alloys osteoconductivity as well as osteoinductivity (Kokubo and
Yamaguchi 2015). In the process, the titanium alloy material is
immersed in an NaOH aqueous solution at 60°C for 24 h, and
then the sample is maintained at 600-800°C to obtain a porous
oxide surface (Kim et al.,, 1996). The surface treated by the alkali
heating can generate rutile and a feather-like sodium titanate
structure, and induce a strong apatite formation ability in SBF
(Tamilselvi et al., 2009; Kokubo and Yamaguchi 2010). That is
because the sodium titanate on the surface of the Ti metal releases
Na" via exchange with the H;O" in SBF so as to produce a local
alkaline environment on the Ti metal. Consequently, the surface
of the Ti metal heat-treated after exposure to the alkali solution is
negatively charged. Its surface combine with the positively
charged Ca®', forming an amorphous calcium phosphate
(Kokubo and Yamaguchi 2015). Furthermore, the surface
treated by alkali heating presents a characteristic of a nano-
double crystal state. The rough surface plays a pivotal role in
increasing the contact between the bone and implant (Tsukimura
etal,2011). Alkali heating can be used as a pretreatment for other
surface modification technologies and ensures the biological
activity of the implant surface when preparing the implant
surface with additional functions.

Atomic Layer Deposition

Atomic layer deposition (ALD) is an approach in which
substances are deposited layer by layer on the substrate in the
form of monolayer atom, and is used to prepare ultra-thin surface
coatings (Listewnik et al., 2019). During ALD, the reactive gas is
successively introduced into the reactor for reaction, and only one
layer of atoms is deposited in each reaction; hence, each layer of
atomic film is associated. This sequential process is a key
difference between CVD and ALD, which consequently makes
ALD a self-limiting reaction without gas phase reactions and
gives unique characteristics to this method (Hashemi Astaneh
et al,, 2021). ALD has several obvious advantages such as precise
thickness control, nano-precision coating, exceptional large-area
uniformity, strong bonding strength, low growth temperature,
excellent reproducibility, and resistance to sensitive substrates’
applicability (Liu H. et al., 2017). For 3D printing implants with
complex porous structure, ALD can perfectly form a uniform film
on its surface (Hashemi Astanch et al., 2021). However, higher
cost, lower working voltage, and slower coating production speed
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limit the application of ALD in the implant coating field (Bishal
et al., 2015). To solve these problems, plasma-enhanced ALD
(PEALD) and free radical-enhanced ALD (REALD) were
proposed and established. PEALD can operate at lower
temperatures than traditional thermal ALD, which is
conducive to depositing unstable polymers at a high
temperature. However, PEALD needs to provide the energy
required for the reaction through plasma dissociation, which
leads to damage of the substrate surface exposed to the
environment of plasma discharge and high-energy electron
bombardment (Li P et al., 2019). REALD is similar to PEALD
in that, it exposes the cultured substrate and film to free radicals
and eliminates substrate exposure to high-energy ions and
electron bombardment. These free radicals, as reactants, are
formed by gas dissociation using a hot wire feeder. Owing to
the reactive free radicals, the process can be carried out at a lower
temperature (closer to room temperature) (Bishal et al., 2015).

Physical Surface Modification

Physical surface modification mainly changes the ultrastructure
of the implant surface, including laser surface engineering, arc ion
plating, shot peening, and ultrasonic nanotechnology. Physical
modification is often used to enhance the wear resistance,
corrosion resistance, and oxidation resistance. Compared to
chemical modification, the bonding force of the coating is weak.

Laser Surface Engineering

Laser surface engineering (LSE) is a material processing method
that can be utilized to manufacture implants and also to modify
the surface of implants. When LSE modifies the implant surface,
it only changes the texturing of the surface, and maintains the
chemical state of the substrate materials (Kurella and Dahotre,
2005). During LSE, the deposited substances need to be first
coated on the implant surface, and then melted by high-energy
laser irradiation and combined with the implant surface (Fathi-
Hafshejani et al, 2020). The advantage of LSE is that it can
precisely control the texture of the coating, including the
formation of the size and morphology of the pre-determined
pores (Shin et al., 2017; Fathi-Hafshejani et al., 2020). Implant
surface texture is a key for biomedical devices/surfaces because
the materials-cells interaction is largely affected by surface
morphology and their mechanical properties (Dong et al,
2021). One study reported that the laser micro/nanotexturing
process modified the surface properties related to
osseointegration, include biocompatibility, protein adsorption
and cell/surface interactions (Shivakoti et al., 2021). Therefore,
the design of the micro morphology of the implant surface may be
able to promote the osteogenesis of the implant surface, inhibit
the growth of bacteria and improve the wear resistance of the
implant. In addition, LSE is well suitable for high temperature-
resistant inorganic coating of materials (e.g., CaP, Si;Ny, TiN-TiB,
SiC) (Das et al., 2014; Sahasrabudhe and Bandyopadhyay 2018; Li
P et al, 2019; Zanocco et al., 2020). Niobium (Nb) is a costly
refractory material with greater wear resistance and
biocompatibility (Zhang Y et al., 2015). A study reported that
porous Nb coating can be effectively prepared on the surface of
titanium alloy by SLM, demonstrating that SLM can prepare
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coatings with individually customized shapes and/or porosity
from IVB and VB biomedical metals and their alloys (Zhang Y
et al., 2015).

Other Physical Modification

Arc ion plating (AIP) is an excellent physical vapor deposition
technology that can produce strong adhesion coatings at low
temperature (<170°C) (Tsou et al., 2012; Liu L. et al., 2017). The
AIP device is mainly composed of a deposition chamber, an arc
power supply, a pumping system, and a gas flow control system.
During the deposition process, the gas enters the deposition
chamber and is bombarded by the metal ions emitted by the
highly ionized arc onto the surface of the substrate, which then
condenses on the substrate surface in the form of a solid film to
form a coating (Chung et al., 2008). AIP has advantages over other
technologies in the preparation of TiO, coatings, such as high
growth rate, strong film adhesion, and low deposition temperature
(Chung et al., 2011). Finally, AIP is suitable for the preparation of
inorganic metal coatings including MgCu, CaP, and TiCu/Ti-Cu-N
coatings (Yu et al,, 2018; Zhao et al., 2019; Guo et al., 2020).

Shot peening is an effective method to increase fatigue
resistance and wear resistance of an implant (Liu et al., 2019).
Shot peening can be divided into traditional mechanical shot
peening and laser shock peening. In the mechanical shot peening
process, a high-speed projectile stream is injected onto the surface
of the material to cause plastic deformation. Then, residual
stresses that are useful to improve the fatigue performance are
introduced to the surface of the part (Nie et al., 2020). Laser shock
peening compared to the mechanical shot peening is a non-
contact process. This type of surface treatment can only be carried
out using an intense laser pulse directed at a material surface in
very short intervals rather than a continuous wave laser beam.
The facilitated compressive residual stress is as much as four
times larger than that of the mechanical shot peening technique
(Shukla et al., 2013). The ability of shot peening to improve
fatigue strength is suitable for the application of 3D-printed
titanium alloy implants with weak fatigue strength. However,
biocompatibility, osseointegration, and cytotoxicity of the shot-
peened implants need to be further investigated.

Ultrasonic nano-crystal surface modification (UNSM) is a
severe plastic surface deformation technology that can enhance
the overall performance of metallic materials, in particular, the
yield strength (Karimbaev et al., 2020). UNSM introduces plastic
deformation, which leads to refinement of the grain size and high
residual compressive stress on the surface and subsurface layers,
while improving the mechanical properties of metal materials
(Karimbaev et al, 2020). UNSM used the superposition of
ultrasonic low frequency vibration on the static load to
generated severe plastic deformation on the material surface,
which further causes to surface nanocrystallization. The plastic
deformation produced on the material surface during the UNSM
process was induced by mechanical impacts. The high-frequency
impact of the ball causes severe plastic deformation on the material
surface, which leads to the introduction of high-density dislocation
and grain boundaries. Thus, the nanostructured layer with a certain
gradient is received (Amanov et al., 2012). The UNSM technique is
a cold-forging process in which the ball made of silicon nitride and
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tungsten carbide mechanically impact on the material surface at a
constant vibration frequency of 20kHz and a certain region is
processed within a certain period of time. Researchers can control
the nanostructure surface layer thickness, mechanical properties,
tribological properties and fatigue properties by changing the
impact parameters (Liu et al, 2021). UNSM before the use of
3D printed implants can effectively prolong their service life, which
is of great significance to patients who need joint replacement

surgery.

Biological Surface Modification

Biological surface modification is a primary technology that
combines organic bioactive materials such as proteins on the
surface of implants through electrostatic interaction, hydrogen
bonds, and other forms. Different from chemical modification,
it does not involve complex chemical reactions. Biological surface
modification can deposit most organic biological coating materials.
Therefore, biological modification has gradually evolved into an
extensively researched topic for implant surface modification.

Layer-By-Layer Self-Assembly

Layer-by-layer (LBL) self-assembly is a film preparation method
that has been widely used in various biomedical applications
(Zhang T et al, 2018). The principle of LBL is to develop a
laminated coating by alternating deposition of opposite-load
polyelectrolytes on the surface of a laden substrate (Escobar
et al., 2020). In the LBL process, multilayer films are deposited
on the substrate surface through alternating adsorption of
interactive materials, including polyelectrolytes, micelles, GO,
antiparticles, and proteins (Park et al., 2018; Alkekhia et al,
2020). Hydrophobicity, Van der Waals forces, hydrogen bonds,
covalent bonds, and bio-specific interactions promote film
growth and are the main driving force of assembly (Park
et al, 2018; Alkekhia et al., 2020). In addition, LBL can
fabricate controllable coatings on almost all materials (Ma
et al, 2015). For instance, fine control of composition,
thickness, and topography can be achieved by adjusting the
assembly parameters involving solution properties, like
concentration, ionic strength, and pH, and process parameters,
such as temperature, time, and drying conditions. Compared to
other methods for fabricating nanofilms, there are three
prominent advantages of the LBL, these include precise
control of the composition and structure of nanofilms, large-
scale fabrication capacity on various types of substrates regardless
of size and shape, and mild and confined formation environments
(Zhang T et al, 2018). Furthermore, LBL is good at
manufacturing thin films for drug delivery, because it has no
restriction on the size or shape of the substrate and can avoid the
inactivation of some active substances caused by exposing the
coating material to high temperature or high pressure (Park et al.,
2018). Owing to the multivalent interaction between multilayer
film and film components, it can carry high drug loads. Changing
the number of layers can adjust the dose of the loaded drug
(Alkekhia et al., 2020). In general, LBL is capable of achieving the
loading and release of various types of drugs on the implant,
thereby achieving the goal of biofunctionalization of the implant
(Figure 3).

Surface Modification of 3D-Printed Implant

Hydrogel Combination

Hydrogel is a highly hydrated 3D network of interconnected
polymer chains (Gibbs et al., 2016). Because of the different
compositions of hydrogels, the physical and chemical properties
of hydrogels vary widely. Hydrogel can be formed from natural
(e.g., collagen and hypertonic acid), synthetic (e.g., polyethylene
glycol), and semi-synthetic (e.g., combination of polyethylene
glycol and cholesterol-containing polysaccharides) polymers
(Gibbs et al, 2016). While natural polymers are typically
characterized by a high degree of biocompatibility, they lack
reliability and consistency due to their natural origin leading to
troublesome batch-to-batch variations. By contrast, synthetic
polymers are highly reproducible materials with precisely
controlled chemical and physical characteristics. Unfortunately,
they are classically less biocompatible than natural biopolymers
either due to the material properties themselves or due to harmful
residues arising from the manufacturing process which often
involves cytotoxic or non-biocompatible organic solvents,
starting monomers, or by-products (Utech and Boccaccini
2015). Hydrogels can absorb and retain large amounts of
water (several times their dry weight) and swell, while
maintaining its 3D structure, mechanical strength, and
elasticity (Sosnik and Seremeta, 2017). As well being an
excellent drug and cell carrier, hydrogels can be made into any
shape and size according to application. Therefore, hydrogels can
be completely covered in the microporous structure of 3D-
printed implants (Yue et al, 2020). Hydrogels have been
widely applied in the surface modification of 3D-printed
titanium alloy implants. When hydrogel is used as a drug
carrier, it disseminates drug molecules into surrounding
tissues or cells through interconnected pores (Chyzy and
Plonska-Brzezinska, 2020). For instance, Zhang W et al
(2020) developed a poloxamer 407 hydrogel loaded with
simvastatin for filling porous 3D-printed titanium alloy
intervertebral cages that achieved stable drug release and
significantly promoted bone growth. Furthermore, the strategy
of promoting bone regeneration through stem cell
transplantation has become an important research topic to
repair bone defects and promote bone integration. Kumar
et al. (2018) developed a sodium alginate hydrogel containing
preosteoblast for surface modification of 3D-printed titanium
alloy. In vitro tests have revealed that the bioactivity of the
titanium alloy implant can be significantly enhanced by
adopting a hybrid system and a bioactive hydrogel. In
addition, some hydrogel materials such as gelatin methacrylate
(GelMA) can promote bone and angiogenesis by itself. It has a
significant influence on the expression of genes associated with
osteogenesis and angiogenesis across the Pi3K/Akt/mTOR
pathway (Figure 4) (Ma et al., 2021).

FUNCTIONALIZATION OF THE IMPLANT
SURFACE

Antibacterial Modification
Artificial joint infection is a serious complication of knee and hip
replacement surgery, causing catastrophic clinical consequences
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FIGURE 3 | LBL vancomycin and BMP-2-coated implants (Amin Yavari et al., 2020). (A) Schematic illustration of the layer-by-layer coating process. (B) The
biocompatibility of the scaffold was analyzed 8 weeks after implantation, the porous Ti structures did not induce an adverse tissue response in any of the groups, shown
by the absence of acute inflammation or fibrous encapsulation at the material-tissue interface. In the case of any LBL remnants, no acute inflammatory response was
seen around the polymer. At the same time, we observed a high density of blood vessel formation. (C) Representative images of planktonic and adherent bacteria
on the surfaces of different experimental groups. In the experimental group containing vancomycin, the number of bacteria was significantly less. (D) In the live death
staining experiment, the surface of the implant was completely covered by living cells, and the surface coating had no inhibitory effect on cell adhesion and proliferation.

(Zardi and Franceschi, 2020). With the development of implant
surface modification technologies, researchers have reduced the
adhesion of bacteria by loading antibacterial drugs on the implant
surface and changing the surface morphology of the implant,
which can effectively protect against artificial joint infection.
Common antibacterial coatings include agents,
antibiotics, polysaccharides, antimicrobial peptides (AMP), and
antiparticles (Gonzalez-Henriquez et al., 2019). 3D-printed
implants have a larger surface area than traditional implants,
which means it has more antibacterial agents per unit volume.
Accordingly, it is able to release large doses of antibacterial agents
locally to obtain effective preventive and therapeutic effects
(Croes et al., 2018). In view of this, 3D-printed implants with

silver

antibacterial coatings may become an effective method to prevent
and treat implant infection in the future.

Silver lon (Ag®) and Silver Nanoparticles (AgNPs)
Coating

Ag is a highly effective antibacterial agent, specifically for drug-
resistant bacteria. Ag-plated medical devices must produce an
Ag" concentration that is high enough to achieve the desired
antibacterial effect. However, because of the cytotoxic effect of
Ag', it is necessary to avoid undesirable effects on cells
surrounding the implant (Chernousova and Epple, 2013).
When Ag is used as an antibacterial agent, it is usually made
in two dosage forms: Ag" and AgNPs. The antibacterial
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FIGURE 4 | Ti6AI4V alloy/GelMA hybrid implant with dual bionic features (GMPT) for bone defect repair (Ma et al., 2021). (A) Schematic illustrations of the
biomimetic GMPT with dual-bionic features. (B) In situ implantation of PT and GMPT implants, micro-CT 3D reconstruction of PT and GMPT in critical radius defects of
rabbits. The implants in GMPT group had higher osteogenic activity than uncoated implants, and the osteogenic ability of the 10% GMPT group was the strongest. (C)
The fabrication process and characterization of GMPT. (D) Histological analysis of implant samples after 4 and 12 weeks in rabbit radius defect sites. The GMPT
group showed thicker and higher number of trabeculae than the PT group at both weeks 4 and 12 (yellow arrows indicate the PT implant, white arrows indicate new
bone, and green arrows reveal new vessels). The 10% GMPT group showed the best osteogenesis and angiogenesis ability.
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mechanisms of Ag" can be divided into three categories: (1)
interacting with the bacterial cell envelope, (2) interacting with
molecules inside the cell (e.g., nucleic acids and enzymes), and (3)
producing reactive oxygen species (ROS) (Kedziora et al., 2018).
The antibacterial mechanism of AgNPs is not explicit, but the
existing studies showed that AgNPs can continually release Ag"
to resist bacteria. In addition, AgNPs interact with bacterial cell
membrane and organelles, resulting in bacterial death (Yin et al,,
2020). 3D-printed implants can carry high doses of Ag agents;
therefore, researchers adopted different methods to carry Ag* on
the surface of 3D-printed titanium alloy implants (Razzi et al,
2020). Amin Yavari et al. (2016) loaded Ag® in nanotubes
produced by anodic oxidation to prepare an antibacterial
coating. Although large numbers of Ag" show high
antibacterial capability, they also cause high cytotoxicity
(Figure 5). Conversely, Anish Shivaram et al. (2017) fixed Ag"
in nanotubes and electrolyzing Ag" solution again. The Ag"

coating prepared by this method has a high antibacterial
capacity and no evident cytotoxicity. Loaded AgNPs in
carriers may further enhance the binding force between
AgNPs and the implant surface, which significantly reduces
the cytotoxicity of AgNPs. For instance, Jia et al. (2016) fixed
AgNPs with PDA and on the micro-nano titanium alloy surface
which is modified by MAO to construct an AgNPs/PDA/TiO,
coating. Compared with the previous modification method, this
composite coating showed excellent antibacterial effect and low
cytotoxicity of AgNPs. In addition, in the treatment of patients
with infectious bone defect, implants are required to not only
have strong antibacterial effect but also release more osteogenic
substances to promote bone regeneration. Sumeneva et al. (2019)
developed an AgNPs/CaP coating on 3D-printed titanium alloy
implants to repair infectious bone defects. The multifunctional
coating significantly inhibited Staphylococcus aureus and
promoted bone ingrowth. Another study showed that AgNPs
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FIGURE 5 | Ag* coating of nanotubes prepared by anodic oxidation (Amin Yavari et al., 2016). (A) Schematic diagram of 3D-printed titanium alloy surface covered

with nanotubes and carrying Ag* to inhibit bacterial growth. (B) The inhibitory effect of different concentrations of Ag* loaded on the implant surface on cell proliferation
and adhesion. (C) SEM images of anodized porous titanium with the following parameters: 20 V, 3h; 30 V, 2 h; 40 V, 3 h. (D) Antibacterial performance of AsM, NT, NT-
0.02 Ag*, NT-0.1 Ag*, and NT-0.5 Ag* against Staphylococcus aureus after 7 days. The first row corresponds to planktonic bacteria and the second row to
adherent bacteria; the group with higher Ag*concentration had obvious antibacterial ability than the group with lower Ag* concentration.

0.02Ag

and SF fixed on 3D-printed titanium implants could effectively =~ coating may be an effective way to treat infectious bone
inhibit the proliferation of S. aureus and induce bone  defects. Amin Yavari et al. (2020) developed a vancomycin-

regeneration (Jia et al., 2019). hydrogel BMP-2 coating and applied it onto a porous titanium
alloy surface. Results showed that the biomimetic implant

Antibiotic Coating efficiently inhibits bacteria within 2-3 weeks and increases the

Antibiotics are the most widely used antibacterial medications,  activity and mineralization of ALP on the implant surface.

particularly in the prevention and treatment of infections after

joint replacement (Miller et al., 2020; Ricciardi et al,, 2020). Inthe ~ Osteointegration Modification

post-operative stage, systemic prophylactic antibiotics are often ~ The intrinsic biological inertia of titanium alloy implants is a
used to preventing infection. However, the dose of systemic  significant reason for the failure of implant surgery. Biological
antibiotics is quite limited and may easily lead to bacterial  inertia refers to materials that can remain stable in the biological
drug resistance (Myers et al., 2020). Compared to systemic  environment (Xia et al., 2020). When a biologically inert material
administration, local application of antibiotics can provide  exists in the body for a long time, it may have an exudation tissue
large doses of antibiotics at the surgical site, reducing the risk  reaction with the biological body, which can cause implant
of bacterial drug resistance (Tan et al., 2012). In addition to the loosening and subsequent implantation failure (Han et al,
application of antibiotic containing bone cement, the antibiotic =~ 2018). In addition, bioinert materials lack osteoinduction,
coating is a local drug delivery strategy. The antibiotic coatingand ~ which may lead to the instability of bone implant binding
3D-printed microporous implant can further improve the local ~ (Wang S et al.,, 2018). Therefore, it has become important to
antibiotic concentration. For instance, Li X et al. (2020) developed ~  increase the biological activity of titanium alloy implants, which is
a 3D-printed intervertebral cage covered with polyvinyl alcohol ~ the focus of several ongoing research studies. Changing the
coating loaded with vancomycin that could effectively inhibit the =~ surface morphology of implants (such as the surface of micro-
reproduction of Escherichia coli, S. epidermidis, and S. aureus  nano structures produced by MAO) or preparing implant
(Figure 6). Moreover, the combination of antibiotics and Ag"  coatings (such as HA coatings) are two effective methods to
may produce synergistic effects, reducing bacterial drug  solve this problem (Su et al., 2020; Myakinin et al., 2021). In the
resistance and playing a stronger antibacterial function.  process of implant surface modification, these methods enhance
Bakhshandeh et al. (2017) developed a chitosan-gelatin coating  the biological activity of the implant and promote
containing vancomycin and Ag", which could be continuously  osseointegration.

released on the surface of the titanium alloy and was

manufactured by 3D printing with high area. This chitosan- ~ Calcium Phosphate Coating

gelatin coating had better antibacterial properties than simple  CaP is a general term for a class of minerals, in which the cation is
Ag" or vancomycin coating. Aside from the simple antibacterial ~ Ca®" and the anions can be orthophosphate, metaphosphate,
coating, combination of antibacterial coating and osteogenic  pyrophosphate, hydrogen, or hydroxide ions (Eliaz and Metoki,
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FIGURE 6 | A 3D-printed titanium cage combined with a drug-releasing system for in situ drug release and bactericidal action (Li Y et al., 2020). (A) The schematic
illustration of a 3D-printed titanium cage coated with PVA-vancomycin for preventing surgical site infections (Berbel, Banczek et al.) after spine surgery. (B) Antibacterial
evaluation of Ti-VH@PVA cages in vitro. The obvious bacteriostatic circle was observed with regard to Staphylococcus aureus and Staphylococcus epidermidis. (C)
Evaluation of Ti-VH@PVA cages for preventing SSls in vivo. With the extension of time, the infiltration of inflammatory cells decreased significantly in Ti-VH@PVA
cage. Furthermore, the thickness of the discontinuous fibrous capsule between the trabecular bone and the Ti-VH@PVA cage increased. This indicates that Ti-VH@PVA
cage has a significant inhibitory effect on Staphylococcus aureus.

2017a). When the CaP is immersed in SBF (with ion
concentrations that are nearly equal to those of human blood
plasma), the deposition of Ca**and formation of a phosphate
layer are hypothesized to be crucial steps for the initiation of the
growth of bone-like apatite on biocompatible implants. The
relationship between the bioactivity and solubility of the
implant surface and the formation of the apatite layer in SBF
is often interpreted as a first indication of its potential bioactivity
in vivo (Surmenev et al.,, 2014). In general, CaP can promote the
formation of new bone by inducing HA deposition on the implant
surface (Eliaz and Metoki, 2017). In addition, studies found that
CaP nanoparticles (CaPNPs) may have stronger ability to
promote bone integration than ordinary CaP, which may be
due to the increase of hydrophilicity of the implant surface caused
by CaPNPs coating (Wennerberg and Albrektsson, 2009;
Chudinova et al., 2019).

HA (Ca;o(PO,4)¢(OH),) is a form of CaP, which accounts for
70% of the bone composition (Ramesh et al., 2018). HA has
superior  biological ~ activity, = biocompatibility, = and
osteoconductivity both in vitro and in vivo (Ramesh et al,
2018). The test showed that HA coating of direct bonding

strength with metal materials is weak, and it is difficult to
completely cover the implant with complex shape (Huynh
et al,, 2019). Accordingly, HA coating is often firmly bonded
to the implant surface through some modification techniques to
make it play an osteogenic role by electrochemical deposition. For
instance, Qin et al. (2018) prepared an HA coating on the surface
of 3D-printed titanium alloy implant by anodic oxidation
technology and Kodama’s alternative immersion method
(AIM) that exhibited a strong bone integration ability.

Bioactive Glass

BAG is a type of bioactive material, involved in a variety of clinical
applications in orthopedic and other hard tissue regeneration
(Skallevold et al., 2019). When BAG makes contact with body
fluids (BF) or simulated body fluids (SBF), it can undergo ion
dissolution and glass degradation through the exchange of H' in
the solution and Na* and Ca®" from the glass network. These ions
play a crucial role in osteoinduction (Rahaman et al., 2011). The
most important property of BAG is induction of HA formation
on the implant surface to stimulate bone growth (Skallevold et al.,
2019). The composition of mesoporous BAG (MBG) is similar to
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that of BAG, but has a larger surface area and controllable
mesoporous structure, and MBG has a stronger apatite-
inducing ability (Kong C. H. et al, 2018; Lalzawmliana et al,,
2020; Zhang et al., 2021). Bioactive ions such as Si** released from
MBG can significantly stimulate osteogenic differentiation of
osteoblasts and hBMSCs through activation of specific
signaling pathways (Zhu et al, 2019). The formation of BAG
coating on 3D-printed titanium alloy is a strategy to enhance
osteoinduction. However, MBG coating is quickly consumed in
Tris HCl buffer solution, resulting in a short time for the release of
bioactive ions, so it lacks a long-term promoting effect on
osteogenesis (Cerruti et al., 2005). Researchers have found that
the deposition of MBG on the implant surface by anode oxidation
can effectively slow down its degradation and play a biologically
stimulating role (Zhao B et al., 2020). Accordingly, MBG can also
be mounted on porous titanium alloy by spin coating (Ye et al.,
2017). This simple method not only retains the unique
mechanical structure and chemical composition of MBG but
also establishes an excellent interface link with the matrix.

Metal Coating
Strontium (Sr) is an important osteogenic trace element which is
widely used as an oral drug for the treatment of osteoporosis
(Wang et al.,, 2020). The comparison of Sr** and other divalent
ions (Mg>*, Ca**, Ba®") shows that Sr>* has a more significant
effect on promoting bone formation, inhibitory effect on
osteoclastogenesis, immunogenicity, and fibrosis (Xu et al,
2020). The exact mechanism of Sr*" in osseointegration
remains unclear, but it has been proposed that Sr** acts on
similar cellular targets as Ca®* by activating the calcium-
sensing receptor (CaSR), thus interacting with Ca-driven
signaling pathways related to bone metabolism regulation
(Wan et al, 2020). In addition, Sr** has high security. First,
the binding ability of Sr to human plasma protein is low (~25%),
but it shows high affinity to bone tissue. Second, Sr** is adsorbed
on the surface of bone minerals instead of replacing Ca** which is
conducive to its rapid elimination (Martin-Del-Campo et al.,
2019). Recently, it has been reported that releasing Sr** from the
surface of functional implants can increase the dose of local
medication, reducing side effects, and improving bone
integration (Wei et al,, 2020). As a result, 3D-printed titanium
alloy implants with Sr** coating are well suited for osteoporosis
patients requiring joint replacement surgery. Shimizu et al. and
Wei et al. (2020, 2020) adopted a strategy of fixing Sr** on the
implant surface with micro-nano structure to enhance the early
bone binding ability by continuously releasing Sr**. Moreover, to
achieve long-term release of Sr** on the implant surface and
obtain long-term bone induction ability, Wang S et al. (2018)
developed a coating combining Sr** with zeolite to reduce the
release rate of Sr** due to the zeolite cation exchange function.
Gallium ions (Ga®*) play an important role in orthopedic
biological materials owing to its excellent antibacterial properties,
inhibits osteolysis, prevents bone calcium release, and increases
bone mass (Yu et al., 2020). A study showed that Ga®" interacts
with cellular particles and HA of bone. That means Ga>* can
resist bone resorption when used in patients with osteoporosis
(Tharani Kumar et al., 2020). Moreover, it should be noted that

Surface Modification of 3D-Printed Implant

Ga® also has the function of treating cancer-induced
hypercalcemia and inhibiting the growth of tumor cells
(Farrell et al., 2018). Therefore, 3D-printed implants with Ga>*
coating may be an effective means of treating bone defects caused
by tumor resection in the future.

The concentration of Mg ranks fourth among all cations in the
human body (Yang H et al., 2020). More than half of the Mg in
the human body is stored in bone tissue in the form of biological
Mg (Matsuzaki, 2006). Mg>" is the most abundant cation in cells
and regulates a variety of cellular functions such as cellular signal,
cell growth, metabolism, and proliferation. A high concentration
of Mg** can activate the calcium channels on the cell membrane
(LiJ et al., 2020). Furthermore, Mg is necessary for bone growth
because it can inhibit osteoclast differentiation and bone
resorption. A severe Mg”" deficiency will lead to osteoporosis,
which is characterized by reduced bone formation and increased
bone resorption (Du et al., 2019). Studies showed that a small
amount of dissolved Mg>" is harmless in the body. Excess Mg can
be metabolized by the kidneys and eventually excreted in the
urine (Julmi et al., 2019). Therefore, it is important to prepare
Mg*" coating on 3D-printed titanium alloy implant to improve
bone integration in patients with osteoporosis. Du et al. (2019)
proved that the preparation of Mg”* coating on the surface of 3D-
printed titanium alloy implant can effectively solve the problem
of poor bone integration in the osteoporosis model. Accordingly,
Mg** can modify the coating with trace elements. Mg>" could
improve the chemical stability and mechanical resistance of
CaSiO; with a high degradation rate and low mechanical
resistance. Tsai et al. (2019) developed a mixed coating of
CaSiO3/Mg”" and chitosan. The high bioactivity of CaSiO;
and Mg”" significantly increased the bone induction capability
of titanium alloy implants.

High Molecular Polymer Coating

Polycaprolactone (PCL) is a semi-crystalline aliphatic polymer
commonly used to manufacture implants, drug carriers, and
biodegradable packaging materials (Kiran et al, 2018). PCL
has high biocompatibility, mechanical properties, processability
(melting point: 60°C), and degradation absorption (Ghosal et al.,
2017; Makkar et al., 2018). Moreover, PCL can maintain the
porous structure of 3D-printed implants and frequently be used
as a degradable carrier material for surface modification (Grau
et al., 2017). For instance, Roland et al. (2015, 2016) loaded the
PCL coating with vascular endothelial growth factor (VEGE),
high-mobility group protein 1 (HMGBI1), and other pro-
angiogenic factors to stimulate the angiogenesis of porous
titanium alloy implants.

Polylactide glycolic acid (PLGA) is one of the most widely used
degradable materials for medical applications. PLGA has
excellent mechanical properties, low immunogenicity, low
toxicity, and adjustable degradation rate (Kong J. et al., 2018;
Zhang H et al., 2019). Diabetes is a high-risk factor leading to
implant failure. PLGA coating can alleviate diabetic condition
(DC)-induced endothelial cell dysfunction and increase vascular
ingrowth under DC conditions, because lactic acid (LA), the
degradation product of PLGA, can stimulate angiogenesis and
indirectly improve the bone formation of bone implant interface
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(BII) (Hu et al., 2018). Furthermore, PLGA can improve the bone
integration in diabetic environment by inhibiting advanced
glycation end products (AGEs) (Hu et al, 2018). In addition,
as a drug carrier, PLGA materials can carry most kinds of drugs
and control the release rate of drugs (Shokrolahi et al., 2019).
Kwon et al. (2018) prepared PLGA coating on the 3D-printed
titanjum alloy implant and loaded it with ethyl 2,5-
dihydroxybenzoate (E-2,5-DHB) (a drug that promotes bone
formation and inhibits bone resorption). The results showed
that PLGA can effectively immobilize E-2,5-DBH and ensure
its steady release. Bionic implants in osteoporotic patients can
effectively inhibit bone resorption around the implant and
promote bone scarring.

Dopamine (DA) is used as the sole adhesive protein of mussel
foot-5 (MEFP-5) and can be associated with various metal ions
through its dispersed alcohol groups (Li et al., 2016). Inspired by
the natural mussel adhesion phenomenon, DA could self-
polymerize to form PDA coating under mild conditions
through a simple experimental process (Huang et al., 2016).
PDA is used in implant coating for different purposes, such as
antibacterial treatment, protein binding, cell culture, and
medication administration (Perikamana et al, 2015). The
catecholamine-rich PDA coating was found to contribute to
the formation of HA on various implanting systems (Kaushik
etal., 2020). As is known, PDA is an excellent drug carrier, which
can fix AgNPs, HA, vancomycin, magnetic Fe;O, oxide, and
other drugs on the surface of the implant to achieve its biological
functions (Li Y et al,, 2015; Jia et al., 2016; Zhang T et al., 2018;
Lingpeng Kong et al., 2020).

Organic and Bioactive Coating
Protein coatings have been key for resolving the poor
osseointegration of implants over the past few years. Proteins
as implant coating materials can significantly increase the binding
force of bone and implant integration, because the surface of the
implant covered by the protein is highly recognized as a “host
type” tissue and the addition of specific biological clues can
change the response of the bone tissue around the implant.
Consequently, osteoblasts can be attached to the implant
surface more quickly to stimulate bone regeneration (Jurczak
et al., 2020). Common protein coatings include growth factors
(BMP-2, BMP-7, VEGE), type I collagen (COL I), and albumin.
BMP-2 is an obstetric cytokine in the transforming growth
factor-B (TGF-B) family and is currently the most commonly
used protein-based bone transplant substitute (Nguyen et al,
2017). BMP-2 plays a major role in embryonic development, bone
remodeling, and homeostasis in adulthood. BMP-2 can activate
osteogenic genes such as Run-Related transcription factor 2
(RUNX2) to promote bone growth (Halloran et al, 2020).
Preclinical and clinical studies showed that BMP-2 can be
applied for the treatment of a variety of orthopedic diseases
such as bone defects, nonunion, spinal fusion, osteoporosis, and
root canal surgery (Chen et al., 2004). The incorporation of BMP-
2 on implant surfaces appeared as a new strategy aimed at
improving osteogenic activity and osseointegration of implant
surfaces. A test revealed that BMP-2 can be released steadily on
the 3D-printed titanium alloy surface which treated by MAO and
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the osteoinduction of implants is significantly enhanced (Teng
et al,, 2019). In addition, it is worth mentioning that BMP-2 can
be covalently coated by 3D-printed titanium alloy by ion-assisted
plasma polymerization technology to play its osteogenic role
(Croes et al., 2020).

Parathyroid hormone (PTH) has the potential to enhance
bone regeneration of bone abnormalities (Wojda and Donahue,
2018). Osteostatine is the C-terminal N-terminal 107-111
sequence of PTH. The short length and amino acid
composition of this pentapeptide provides stability, and
osteostatine has stimulated osteoblast activity and inhibited
osteoclast activity. Studies have shown that osteostatine
coating on the 3D-printed implants can be effective for bone
regeneration (van der Stok et al., 2015).

Introducing organic molecules with functional fragments in
the lining is a new strategy to promote osteogenesis. RGD is an
artificial peptide that has a specific bio-active sequence. It exists in
most ECM proteins including fibronectin, vascular junction
protein, and laminin (Hersel et al, 2003). RGD stimulates
bone integration by increasing the proliferation and adhesion
of osteoblasts on the implant surface (Elmengaard et al., 2005).
One study reported that the hybrid molecular coating obtained by
chemical crosslinking of amino acid bisphosphonate and linear
tripeptide RGD combines, which has a strong ability to stimulate
bone integration (Parfenova et al., 2020). Furthermore, another
study showed that identifying the exons of hMSC osteogenic
differentiation and binding them to the implant surface can
achieve acellular bone regeneration and the bone tissue
regeneration efficiency of acellular coated implants was
equivalent to hMSCs-implanted acellular implants (Figure 7)
(Zhai et al., 2020).

COL I is the most abundant bone protein (representing 85% of
organic constituents) (Sartori et al, 2015). The interaction
between cells and collagen plays an important role in
regulating the differentiation of bone marrow in the
osteogenic pathway (Sartori et al., 2015). Studies have shown
that COL I has the capacity to recruit osteoblasts and accelerate
mineralization, and enhance bone regeneration (Naomi et al,
2021). COL T of calf skin or mouse tail has been extensively used
as a biological coating material for titanium alloy implants.
Veronesi et al. (2021) were successful in increasing the
bioactivity of implants by binding type I collagen on the
surface of a 3D-printed titanium alloy.

Decellularized extracellular matrix (dECM) is a tissue ECM
isolated from primitive cells (Yao et al, 2019). With proper
detection methods dECM can be easily obtained from tissues/
organs of different species (Kim Y. S. et al,, 2019). dECM can
simulate the structure and components of the natural ECM and
offer a good growing environment for cells (Yao et al., 2019). One
study showed that dECM coating on the 3D-printed titanium
alloy implants can increase cellular proliferation and adhesion to
promote bone ingrowth (Kumar et al., 2016).

Quercetin is a class of natural flavonoids, widely found in
flowers, leaves, and fruits of various plants, and has anti-cancer,
anti-fibrotic, anti-inflammatory, and antioxidant effects (Tang
et al,, 2019). Llopis-Grimalt et al., (2020) prepared a quercetin
coating on the porous 3D-printed titanium alloy. In vivo test
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FIGURE 7 | Osteogenic exosomes induce osteogenic differentiation (Zhai et al., 2020). (A) The schematic illustration of cell-free bone tissue regeneration by the
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video tracking. d) The western blot analysis of the exosome derived from the pre-differentiated h(MSCs and hMSCs. (C) Osteogenic differentiation of h(MSCs by the
osteogenic exosomes a) Immunofluorescence staining of osteogenic markers (COL-1, OPN) in hMSCs induced by osteogenic exosomes. b) Immunofluorescence
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results showed that the quercetin coating had excellent
antibacterial capacity and osteogenic induction capacity.

Mechanical Properties Modification

Wear Resistance Modification

Aseptic loosening of the implant is a crucial cause of implantation
failure (Apostu et al, 2018). The wear and adhesion of
polyethylene, metal, and bone cement in the body may
produce debris particles, which cause aseptic inflammatory

reactions in the tissues surrounding the operation, leading to
bone resorption and implant loosening (Bauer and Schils 1999).
Therefore, enhancing the wear resistance of the implant and
reducing the generation of wear particles can diminish the
incidence rate of implant operation failure. Lately,
discontinuous  fiber-reinforced titanium-based composite
coatings synthesized in situ by high-energy lasers have been
extensively used. In comparison to monolithic coatings, these
coatings have excellent mechanical properties, such as high
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FIGURE 8 | Effect of UNSM treatment on 3D-printed NiTi alloy surface (Ma et al., 2017). (A) Schematic of the UNSM processing showing its effect on surface finish,
subsurface porosity, and surface hardening. (B) Wear scars of untreated (a and b) samples and UNSM-treated (c and d) samples at 6,000 (a and ¢) and 24,000 (b and d)
cycles. (C) Porosity distribution on the untreated surface and UNSM-treated surface. (D) a) Appearance of the AM NiTi samples before and after UNSM treatment; b) and
¢) show the optical images of the non-treated sample. d) and e) show the optical images of the UNSM-treated sample. The treated samples have better wear

toughness and excellent mechanical strength (Das et al., 2014). In
addition, changing the surface morphology of an implant is also a
way to improve its wear resistance. A study reported that the
surface modification of NiTi alloy by UNSM, significantly
enhanced the wear as well as corrosion resistance of the
implant without changing the chemical properties of the
implant surface (Figure 8) (Ma et al., 2017).

Fatigue Strength Modification

Although 3D printed titanium alloy stents have many advantages
such as personalized customization and matching the elastic
modulus of human bones, the fatigue strength of 3D printed
titanium alloys is considerably weaker than traditional titanium
implants (Soyama and Takeo, 2020). In addition, surface
modification technologies (MAO, anodizing, plasma spraying,
sand blasting) on the surface of titanium alloy will reduce the
fatigue strength of implants (Yang Y. W et al., 2020). To enhance
the service life of the implant, it is necessary to increase the fatigue
strength of the implant. The fatigue strength is closely related to

the porosity and surface morphology of implants (Kelly et al.,
2019). In addition to using high-strength implant materials,
surface modification may be a strategy to enhance their fatigue
strength. Studies have proven that shot peening on the surface of
3D-printed titanium alloys can effectively improve the fatigue
strength of implants (Remigiusz Zebrowski et al., 2019; Soyama
and Takeo, 2020). In addition, the TiO, nanotube coating on the
surface of titanium alloys by hydrothermal treatment can also
effectively improve the fatigue strength of the titanium alloy
(Yang Y. W et al,, 2020). At present, there are few studies on
surface modification to improve the fatigue strength of 3D-
printed titanium alloy. Further improving the fatigue strength
of 3D-printed implants may depend on the design of the implant
materials and shapes.

Corrosion and Oxidation Resistance Modification

The corrosion resistance of the implant is an important property
of the implant, and the level of corrosion resistance determines
the biocompatibility of the materials. The lower the corrosion
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resistance of the implant, the higher the toxicity of the ions
released into the body (Asri et al,, 2017). The reason why titanium
alloy has a great corrosion resistance is that the passive oxide film
will be formed on the surface of the titanium alloy after contact
with oxygen (Berbel et al., 2019). When the artificial joint is
implanted in vivo, the TiO, on the surface of the implant may be
corroded by the body fluid environment, resulting in the
reduction of the corrosion ability of the implant (Rodrigues
et al., 2009). In order to increase the service life of the implant
and decrease the risk of postoperative adverse reactions, it is
necessary to prepare a corrosion-resistant coating. A study
showed that chemical polishing of 3D-printed titanium alloy
materials can significantly enhance the thickness of the TiO, layer
of its surface, thus increasing the corrosion resistance of titanium
alloys (Zhang Y et al, 2019). Furthermore, the corrosion
resistance of titanium alloy can also be improved by MAO
treatment (Rafieerad et al, 2015). This may be attributed to
the fact that MAO can improve the bonding strength between the
coating and titanium alloy and enhance the strength of crystal
structure in the coating.

EXPECTATION

3D-printed titanium alloy implants have attracted much attention
in orthopedics due to excellent biocompatibility, elastic modulus
similar to natural bone, and 3D shape to fit complex bone defects.
Implant surface modification technique is an important force that
promotes the first generation of implants (biologically inert with
good mechanical properties) towards implants with excellent
osteoconductivity, osteoinduction, bone healing, and remarkable
anti-inflammatory infection capability. This article reviewed
various surface modification techniques in the 3D-printed
titanium alloy and its improvement in the function of implants.
However, further research is essential before these techniques can
be clinically applied. Therefore, we provide some future views on
the development of 3D-printed titanium alloy surface
modifications, which can be used as the basis for further
improvement.

Implant Surface Modification to Regulate

Pathological Conditions

Most current implant surface modification techniques are aimed
at the functionalization of implants under normal physiological
conditions. However, many patients who need joint replacement
are elderly. Senior patients who suffer from underlying diseases
(hypertension, diabetes, coronary heart disease, osteoporosis,
tumors) probability is relatively high. Although there are some
studies on diabetes and 3D-printed titanium alloy implants with
respect to osteoporosis, these studies are only preliminary
investigations. In future, the mechanism of bone integration
under pathological conditions needs to be extensively studied
according to various diseases. In addition, further research on
3D-printed implant coating related to cancers and rheumatic
immune diseases needs to be designed. Moreover, it also remains
to be seen whether the implant coating for the above pathological

Surface Modification of 3D-Printed Implant

conditions, which has been applied on the surface of ordinary
implants, can play a role in 3D-printed implants. The
combination of degradable 3D implants (PCL, PLGA) with
hydrogels can provide an answer to these problems. Dual
degradable materials can increase the amount and type of
drug loading and determine the time sequence of drug release.
The order of drug release can be determined according to the
substances required by the new bone tissue.

Preparing Bioactive Material Coatings With
Strong Adhesion

The application of bioactive substances as coating materials has
recently become a research hotspot. However, because proteins
cannot withstand extreme such as high
temperature and high pressure, researchers often use dip
coating to prepare coatings. This leads to weak adhesion
between the coating and the implant. Although improved
vapor deposition methods such as PCVD and ICVD can
greatly reduce the temperature required for deposition, the
preparation of biological coatings has not been attempted. Of
course, these coating preparation methods have great potential in
the preparation of strong-binding biomaterial coatings. In
addition, changing the surface roughness of the implant is
another way to enhance adhesion between coatings and
implants materials. Studies have reported that the micro-nano
surface prepared by MAO or anodic oxidation can enhance the
adhesion between implant surface and coating, but optimum
electrolytic parameters need to be explored further.

environments

CONCLUSION

In this review, various types of 3D implant surface modification
techniques including their principles, processes, advantages,
disadvantages, and applications are discussed. In addition, this
article summarizes the various types of functional modifications,
as well as improvements in osteogenesis, antibacterial, wear
resistance, corrosion resistance, and oxidation resistance
caused by different coating materials and modification
methods. Based on these findings, future research should
determine the best parameters suited for surface modification
techniques and the most suitable coating materials, as these are
significant factors for optimizing orthopedic implants.
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Matters, College of Physical Science and Technology, Yili Normal University, Yining, China, “School of Applied Chemistry and
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Peri-implantitis is the leading cause of dental implant failure, initially raised by biofilm
accumulation on the implant surface. During the development of biofilm, Actinomyces
viscosus (A. viscosus) plays a pivotal role in initial attachment as well as the bacterial
coaggregation of multispecies pathogens. Hence, eliminating the A. viscosus-associated
biofilm is fundamental for the regeneration of the lost bone around implants. Whereas
clinical evidence indicated that antimicrobials and debridement did not show significant
effects on the decontamination of biofim on the implant surface. In this study, alpha-
amylase was investigated for its effects on disassembling A. viscosus biofilm. Then, in
order to substantially disperse biofilm under biosafety concentration, D-arginine was
employed to appraise its enhancing effects on alpha-amylase. In addition, molecular
dynamics simulations and molecular docking were conducted to elucidate the mechanism
of D-arginine enhancing alpha-amylase. 0.1-0.5% alpha-amylase showed significant
effects on disassembling A. viscosus biofilm, with definite cytotoxicity toward MC3T3-
E1 cells meanwhile. Intriguingly, 8 mM D-arginine drastically enhanced the eradication of A.
viscosus biofim biomass by 0.01% alpha-amylase with biosafety in 30min. The
exopolysaccharides of biofim were also thoroughly hydrolyzed by 0.01% alpha-
amylase with 8 MM D-arginine. The biofilm thickness and integrity were disrupted, and
the exopolysaccharides among the extracellular matrix were elusive. Molecular dynamics
simulations showed that with the hydrogen bonding of D-arginine to the catalytic triad and
calcium-binding regions of alpha-amylase, the atom fluctuation of the structure was
attenuated. The distances between catalytic triad were shortened, and the calcium-
binding regions became more stable. Molecular docking scores revealed that
D-arginine facilitated the maltotetraose binding process of alpha-amylase. In
conclusion, these results demonstrate that D-arginine enhances the disassembly
effects of alpha-amylase on A. viscosus biofim through potentiating the catalytic triad
and stabilizing the calcium-binding regions, thus providing a novel strategy for the
decontamination of biofilm contaminated implant surface.

Keywords: D-arginine, alpha-amylase, Actinomyces viscosus, biofilm, exopolysaccharides, molecular dynamics,
molecular docking
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INTRODUCTION
Dental implants have become the primary protocol for the
treatment of dentition defects and edentulous patients

nowadays. Despite its high success rates, complications could
reduce the long-term cumulative implant survival (Fu and Wang,
2020). Peri-implantitis (PiM), as the primary cause leading to
implant failure, could arise about 22% in 10years after
implantation (Derks and Tomasi, 2015). During PiM
pathogenesis, the inflammation at the implant-bone interface
is evoked to successively cause bone resorption, gingival tissue
retraction, and implant surface exposure. To date, plaque biofilm
is a putative and pivotal factor that induces the initial
inflammation of PiM (Berglundh et al, 2018). Hence,
eliminating biofilm is essential for the prevention and
treatment of PiM.

In clinical practice, methods for decontaminating the implant
surface could be divided into physical and chemical approaches.
Physical approaches, such as mechanical scaling, sandblasting,
magnetic nanoparticles, and laser therapy, could damage the
biological surface, cause material residue, or be difficult to
eliminate the massive biofilm matrix enmeshed in the
micropores due to the rough character of the implant surface
(Elbourne et al., 2020; Lasserre et al., 2020; Vyas et al., 2020).
Correspondingly, chemical approaches, including antimicrobial
agents, antimicrobial peptides, and photodynamic therapy
(PDT), et al, mainly focus on eradicating bacteria or
disturbing biofilm’s integrity (Chen and Lee, 2018; Liu et al,
2019; Pinto et al., 2020). Whereas the biofilm extracellular matrix,
mainly composed of exopolysaccharides (EPS), lipids, proteins,
and extracellular DNA (eDNA), represents around 90% of the
total biofilm biomass (Fulaz et al., 2019). Consequently, even if
the bacteria were thoroughly damaged, the massive biofilm
matrix remains attached to the implant surface. Nevertheless,
the extracellular matrix protects bacteria from agents penetration
and shear stress, making a low bioavailability of agents’
germicidal effects (Flemming and Wingender, 2010). Previous
in vivo studies have demonstrated that there was fibrous
connective tissue between regenerated bone and exposed
implant surface with PiM after grafting autogenous bone grafts
(You et al, 2007), indicating that biofilm-associated
contaminants obstructed the re-osseointegration of the implant
surface. Till now, the methods for treating PiM are unpredictable
yet. Thus, strategies for eradicating the whole biofilm should be
prospective.

The biofilm extracellular matrix constitutes the main
component of biofilm, while EPS are one of the most
constituents of the extracellular matrix (Pinto et al., 2020).
Hence, EPS is indispensable to biofilm formation and
constitutes the protective barrier of encapsulated bacteria
(Flemming and Wingender, 2010). Besides, EPS occupies the
main adhesion force binding to the biological surface as well as
bacteria and proteins through Van der Waals force, electrostatic
attraction, hydrogen bonds (Arciola et al., 2018), thus facilitating
the cohesion of the biofilm structure. In addition, EPS is
responsible for water retention within the biofilm, and
provides nutrient sources and ions for the inner bacteria
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(Pinto et al., 2020). Therefore, EPS could be a potential target
for eradicating the biofilm on implant surface.

Similar to plaque biofilm on teeth, the biofilm formation on
implant surface possesses typical stages, namely initial, early,
secondary, and late colonizations (Vilarrasa et al., 2018; Bermejo
et al., 2019). Streptococcus oralis and Actinomyces viscosus (A.
viscosus) are the representative strains in the initial stage, then
Veillonella parvula in the early stage, Fusobacterium nucleatum in
the secondary stage, and Porphyromonas gingivalis in the late
stage. In fact, Fusobacterium nucleatum and Porphyromonas
gingivalis could only produce capsular polysaccharides but not
EPS (Davey and Duncan, 2006), while Veillonella species utilize
EPS secreted by Streptococci to adhere to biofilm (Liu et al., 2020).
In addition, in the study of multispecies biofilms growing on the
implant surface, Actinomyces showed about two-fold amount of
biomass than Streptococcus (Bermejo et al., 2019). Moreover,
Actinomyces plays an essential role as physical bridges to mediate
coaggregation and coadhesion between coaggregating partners,
which occurs 5- to 10-fold more often than coadhesion between
noncoaggregating  cells  (Kolenbrander, =~ 2000).  Thus,
disintegrating the Actinomyces EPS and the Actinomyces-
associated biofilm is critical for the decontamination of the
implant surface.

EPS could be composed of glucose, mannose, galactose,
N-acetyl-glucosamine, and other monosaccharides (Rabin
et al,, 2015), which could link as a-1,4 bond, p-1,4 bond, or B-
1,3 bond. Glycoside hydrolases are enzymes that hydrolyze the
glycosidic linkages between carbohydrates within polysaccharides
or oligosaccharides (Naumoff, 2011). a-amylase (Amy) and
cellulase effectively disrupted Staphylococcus aureus and
Pseudomonas aeruginosa coculture biofilms by breaking down
complex polysaccharides. However, whether glycoside hydrolases
could disrupt A. viscosus biofilm remains unknown.

Our previous studies demonstrated that D-arginine (R) could
disperse Porphyromonas gingivalis mature biofilm in 72h (Li
etal,, 2020; Zhang et al., 2021). Whereas the treatment time takes
too long for feasible clinical practice. The capability of R to
disrupt A. viscosus biofilm and higher treatment efficiency should
be further tested.

Therefore, the aim of this study was to investigate the effects of
Amy on disassembling A. viscosus biofilm and the enhancing
effects of R on Amy. Molecular dynamics (MD) simulations and
molecular docking were furtherly exploited to explore the
intrinsic mechanisms.

MATERIALS AND METHODS

Disassembly Effects of Multiple Glycoside

Hydrolases on A. viscosus Biofilm

A. viscosus ATCC 27044 was used in this study. Briefly, A. viscosus
was subcultured on sterilized brain heart infusion (BHI)
(HopeBio, Qingdao, China) supplemented with yeast extract
(LP0021, Oxoid), menadione (0.5 ug/ml), hemin (5 pug/ml), and
sucrose (0.5 pug/ml), then incubated aerobically at 37°C (80% N,
10% H,, and 10% CO,). Subsequently, single A. viscosus colonies
were inoculated into BHI bacterium liquid medium, then
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adjusted to 10°* colony-forming unit counts/ml (CFU/ml) for
inoculation to 24-well plates, then incubated for 48 h at 37°C
under anaerobic conditions to form mature biofilm.
Subsequently, the bacterial supernatant was removed and the
culture plate was rinsed with phosphate-buffered saline (PBS) for
3 times. Afterward, 500 pl of the following different glycoside
hydrolases were added to each well, respectively: 0.5% (w/v)
Amy (Yuanye, Shanghai, China), 0.5% (w/v) cellulase (Yuanye,
Shanghai, China), 0.5% (w/v) dextranase (Yuanye, Shanghai,
China), 1% (v/v) a-galactosidase (Yuanye, Shanghai, China), 1%
(v/v) P-galactosidase (Yuanye, Shanghai, China), and 1% (v/v)
Dispersin B (Sigma-Aldrich, St Louis, MO, United States). All
glycoside hydrolases were prepared by dissolving lyophilized
powder or stock solution in double-distilled water (ddH,O).
500 ul PBS was used as the control group. After 30 min of
treatment at 37°C, crystal violet (CV) assay was carried out as
referred to the previous study (Zhang et al., 2021). Finally, the
biofilm biomass was evaluated at 595 nm using a microplate reader
(Synergy HT, BioTek, Winooski, VT, United States).

Disassembly Effects of Gradient
Concentrations of Amy on A. viscosus
Biofilm

A. viscosus mature biofilm was cultured same to 2.1. Then,
gradient concentrations of Amy (0.01, 0.05, 0.1, 0.25, and
0.5%) employed to investigate their effects on
disassembling A. viscosus mature biofilm. In order to stabilize
Amy, 60 ppm of CaCl, was added to each group (The following
experiments were the same). PBS was used as the control group.

were

Cytotoxicity Assay

Murine pre-osteoblast MC3T3-E1 cells were resuscitated and
then cultured in DMEM solution, placed in an incubator of
5% CO, at 37°C. Subsequently, the logarithmic growth phase
cells were inoculated in 96-well plates with 0.01% Amy, 0.05%
Amy, 0.1% Amy, 0.25% Amy, 0.5% Amy, 2mMR, 4mMR,
8mMR, 16 mMR, and 0.01% Amy + 8 mMR, respectively.
Isochoric DMEM was used as the control group. After 1 and
3 days of culture at 37°C, 10 ul CCK-8 (Beyotime, Shanghai,
China) was added to each well and sequentially cultured for
2 h at 37°C. The absorbance value was measured at 450 nm.

Effects of R on Interfering Amy

Disassembling A. viscosus Biofilm

In order to substantially disperse A. viscosus biofilm under
biosafety concentration, R was employed. Briefly, R was mixed
with Amy to form the following concentration ratios: 0.01% Amy
+ 1/2/4/8 mM R. In addition, mono 1/2/4/8/16 mM R and 0.01%
Amy were also determined. The PH of the groups containing R
was adjusted to 7.0 by HCIL. PBS was used as the control group.
500 pl of the groups mentioned above was added to each well to
disrupt A. viscosus mature biofilm. Subsequently, in order to
verify the component orchestrating the catalytic role, 0.01% Amy
or 8mMR was respectively heat-inactivated by heating the
solutions at 95°C for 5min. PBS was used as the control

p-arginine Enhances Alpha-Amylase Disassembling Biofilm

group. Furtherly, in order to determine an optimal treatment
time, 0.01% Amy + 8 mM R was tested for 10, 20, 30, and 60 min.

Effects of R on Enhancing Amy Hydrolyzing

Exopolysaccharides

After treatment with 0.01% Amy or 8 mM R or 0.01% Amy +
8 mMR for 30 min, each well was rinsed with 1 ml PBS, the
suspension containing dispersed biofilm and agents was collected
to the EP tube, centrifuged at x12,000 g (Centrifuge 5810 R,
Eppendorf, Framingham, MA, United States) for 5min (4°C)
to collect the hydrolyzed exopolysaccharides (HEPS) in the
supernatant. Thereafter, the residual biofilm was scraped
carefully with a cell scraper (Nunc, Thermo Fisher Scientific,
Waltham, MA, United States), rinsed with 1 ml PBS, and then
centrifuged at x12,000 g for 5min (4°C). After removing the
supernatant, 200 ul NaOH was added to dissolve the sediment,
then centrifuged again. The supernatant was collected as the
unhydrolyzed exopolysaccharides (UEPS) of biofilm. Furtherly,
in order to compare the enhancing effects between R and Ca®* on
Amy, a soluble starch (Sigma-Aldrich, St. Louis, MI,
United States) was employed. Briefly, the starch was dissolved
in boiling ddH,O by 2% (w/v). The experimental groups were:
0.01% Amy, 0.01% Amy + 60 ppm CaCl,, 0.01% Amy + 8 mM R,
0.01% Amy + 60 ppm CaCl, + 8 mM R. Isochoric ddH,O was
used as the control group. 10 pl of each group was added to 1 ml
starch solution. After treatment for 3 min at 37°C, the reaction
was terminated by heating the solutions at 95°C for 5 min. All
above specimens were determined by the DNS method at 540 nm
with glucose as standard (Wu et al., 2018).

Confocal Laser Scanning Microscopy

Assay

The effects of 0.01% Amy and 0.01% Amy + 8 mM R on A. viscosus
biofilm as well as EPS were assessed by Confocal Laser Scanning
Microscopy (CLSM). SYTO9 (Invitrogen, Waltham, MA,
United States), SYPRO Ruby (Invitrogen, Waltham, MA,
United States), and Calcofluor (Sigma-Aldrich, St. Louis, MI,
United States) were employed for bacteria labeling, protein
labeling, and EPS labeling, respectively. In general, biofilm was
cultured for 48h on confocal dishes (WHB, Shanghai, China).
Followed by the treatment of the above agents for 30 min and
subsequent rinsing with PBS. 200 pl SYTO9, 200 ul SYPRO Ruby,
and 15 pl Calcofluor was added to each well simultaneously, then
incubated for 30 min at 20°C in a dark area. Afterward, the specimens
were detected by a confocal laser scanning microscope (FV3000,
Olympus, Japan), with a green channel (480/500 nm) for SYTO9, a
red channel (450/610 nm) for SYPRO Ruby, and a blue channel
(365/450 nm) for Calcofluor. Images were captured by Imaris
software (Zeiss, Germany). The thicknesses and biomass of the
biofilm and EPS and the surface to biovolume ratio were
calculated using Image] COMSTAT?2 software (Heydorn et al., 2000).

Scanning Electron Microscopy Analysis
The biofilms in 24-well plates were treated with 0.01% Amy + 0/1/
2/4/8 mM R for 30 min. After rinsing with PBS, the specimens
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were fixed overnight in 2.5% (v/v) glutaraldehyde at 4°C and
dehydrated by gradient ethanol solutions (30/50/70/80/90/95/
100%). The biofilm without any treatment was used as the control
group. Finally, the biofilms were observed under Scanning
Electron Microscopy (SEM) (Merlin, Zeiss, Germany) after
oven drying and gold sputter coating.

Transmission Electron Microscopy (TEM)

Analysis

The biofilms in 24-well plates were treated with 0.01% Amy +
8 mM R for 30 min. After rinsing with 1 ml PBS, the suspension was
collected as the dispersed biofilm. While the residual biofilm on the
plate was scraped and then rinsed with 1 ml PBS, the suspension was
collected as the undispersed biofilm. The biofilm without any
treatment was used as the control group. The specimens were
centrifuged at 4,000rpm (Centrifuge 5810R, Eppendorf,
Framingham, MA, United States) for 10 min (4°C). The following
preparation process of samples was performed according to previous
studies (Lukic et al., 2020; Zhang et al., 2021). Finally, the ultrathin
sections were observed under a transmission electron microscope
(JEM 1400 PLUS, JEOL, Akishima, Japan, United States).

Molecular Dynamics Simulations

In order to elucidate the mechanisms of R enhancing the effects of
Amy hydrolyzing polysaccharides, Molecular Dynamics (MD)
simulations and molecular docking were furtherly conducted. In
general, the investigated Amy crystal structure from Bacillus
Subtilis was retrieved from the protein data bank (PDB) under
the code 1UA7 (Kagawa et al, 2003). MD simulations were
executed using the GROMACS package version 2019.5
(Abraham et al., 2015) under constant temperature/pressure and
periodic boundary conditions. Amber99sb and SPC were selected
as the all-atomic force field and the water model, respectively.
During the MD simulation, all covalent bonds involving hydrogen
atoms were constrained by LINCS algorithm, and the integration
time step was 2 fs. The electrostatic interaction was calculated using
the particle-mesh Ewald (PME) method with the cutoff value set to
1.0 nm. The cutoff value of non-bond interaction was set to 10 A,
updated every 10 steps. The V-rescale temperature coupling
method was used to control the simulation temperature to
300 K, while the Parrinello-Rahman method was employed to
control the pressure to 1bar. Firstly, an energy minimization
step was conducted using the Steepest Descent algorithm. Then,
canonical ensemble (or substance-volume-temperature, NVT)
balance and isothermal-isobaric ensemble (or substance-
pressure-temperature, NPT) balance simulation were carried out
for 100 ps at 300 K. Afterward, 10 molecules of R were added to the
system, followed by adding Na* and CI” ions proportionally to
neutralize the system. Finally, MD was carried out with
conformations saved per 10ps, totally simulation for 500 ns.
The results were visualized and analyzed using PyMOL
version 2.5.2.

Molecular Docking
The three-dimensional structure of maltotetraose was retrieved
and then dissociated from PDB under the code 1QPK(Hasegawa

p-arginine Enhances Alpha-Amylase Disassembling Biofilm

etal., 1999). Then, maltotetraose was selected as the ligand, while
Amy and Amy + 10 R were selected as receptors, respectively. The
of ligand and protein were imported into
AutoDockTools-1.5.7 software for adding hydrogens and
calculating the total charge. After defining a box center at the
central point of the catalytic triad, molecular docking was carried
out via AutoDock. Afterward, the conformations were visualized
using PyMOL, and the docking scores were finally analyzed.

structures

Statistical Analysis

Data were expressed as mean + standard deviation. One-way
analysis of variance (ANOVA) with appropriate post-tests was
employed using SPSS 24.0 software (SPSS Inc., Chicago, IL,
United States). Values of p < 0.05 were considered statistically
significant.

RESULTS

Effects of Glycoside Hydrolases on

Disassembling A. viscosus Biofilm

The availabilities of multiple glycoside hydrolases were
investigated firstly. As shown in Figure 1A, 0.5% Amy showed
a sharp effect on disassembling A. viscosus biofilm, whereas, other
glycoside hydrolases had no significant effects. Subsequently,
gradient concentrations of Amy were assessed. 0.1, 0.25, and
0.5% Amy showed statistical differences compared with the
control group, while 0.01 and 0.05% Amy could not disperse
the A. viscosus mature biofilm effectively (Figure 1B).

Cytocompatibility

As shown in Figure 2, 0.1, 0.25, 0.5% Amy, and 16 mM R had
evident cytotoxic effects towards MC3T3-E1 cells both at 1d and
3d. Correspondingly, 0.01%, 0.05% Amy, 1/2/4/8 mM R, and
0.01% Amy + 8mMR had good biocompatibility with
MC3T3-E1 cells. Hence, the groups without cytotoxicity were
investigated in the following experiments.

R Enhanced the Effects of Amy on

Disassembling A. viscosus Biofilm

Since 0.01% is the saturation concentration of Amy, the higher
concentrations were excluded in the following experiments.
Intriguingly, 0.01% Amy obtained the feasibility of
disassembling A. viscosus biofilm with the addition of 1/2/4/
8 mM R, being a concentration-dependent behavior (Figure 3A).
Particularly, 0.01% Amy + 8 mM R showed the most striking
result. Meanwhile, 1/2/4/8 mM R failed to disperse A. viscosus
biofilm solely, even at the cytotoxic concentration of 16 mM.
Supplementary Video S1 recorded the dispersing efficiency of
the control, 0.01% Amy, and 0.01% Amy + 8 mM R groups after
treatment for 30 min. Supplementary Figure S1 showed that 1/2/
4/8 mMR also presented a similar concentration-dependent
behavior on enhancing 0.005% Amy, whereas there remained
a considerable amount of biofilm in the 0.005% Amy + 8 mM R
group. Figure 3B shows that the heat-inactivated 0.01% Amy lost
its activity in spite of the addition of 8 mM R. While the same
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FIGURE 2 | Cytotoxicity of gradient concentrations of Amy, R, and the compounds to murine pre-osteoblast MC3T3-E1 cells. (A) Cell viability at day 1. (B) Cell
viability at day 3. Data represented as means + S.D. (n = 5). **p < 0.001, vs. control group. Ctr, control. Amy, a-amylase. R, D-arginine.

heat-inactivation method did not impede the enhancing effect of ~ better effect compared with 0.01% Amy. The value of UEPS in
8 mM R on Amy, which showed equivalent behavior compared  Figure 4C was calculated from the EPS weight within the biofilm
with none-heated 0.01% Amy + 8 mM R. Moreover, 30 and  divided by the biofilm weight. The results indicated that the
60 min of treatment showed better results than 10 and 20 min, = remained EPS on the plate of 0.01% Amy + 8 mM R group and
respectively. Whereas 60 min did not show a significant  0.01% Amy group was less than the control group and the
difference compared with 30 min (Figure 3C). 8mMR group, but there was not a statistics difference
between the 0.01% Amy + 8 mM R and the 0.01% Amy group.
. In order to compare the stabilizing and promoting effects of R
R Enhanced Amy Hydrolyzing and Ca’*on Amy, R or Ca’* was added respectively or
Exopolysaccharides simultaneously. As shown in Figure 4D, there was no
The standard curve of glucose was generated to define the  significant increase of Amy hydrolyzing starch with the
contents of EPS (Figure 4A). As shown in Figure 4B, the  addition of Ca**. While 8 mM R showed a definite increase
HEPS of 0.01% Amy + 8mMR and 0.01% Amy were compared with 0.01% Amy solely or 0.01% Amy + Ca**
significantly higher than the control group as well as the  Furthermore, 0.01% Amy + Ca®* + 8 mM R showed the most
8 mMR group. In addition, 0.01% Amy + 8 mM R showed a  notable effects compared with the above groups.
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Thickness and Biomass of A. viscosus the 0.01% Amy group seemed attenuated, discrete voids could be
Biofilm and EPS observed in the mid-slice image. Interestingly, the bacteria, protein,
The CLSM determined the three-dimensional structure of A. and EPS were drastically sparse in the 0.01% Amy +8mMR group.
viscosus biofilm and EPS distribution. As shown in Figure 5A, The EPS surface was discontinuous with extensive voids.

the bacteria amount, protein content, and EPS biomass were evenly Figure 5B indicates that the volume of biofilm and EPS in the

massive in the control group. While the compactness of biofilm in ~ control group was consistently thick. With the treatment of 0.01%
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FIGURE 5 | Quantification of biofilm and EPS of A. viscosus via CLSM analysis. (A) Three-dimensional visualization of A. viscosus biofilm cultured on confocal
dishes. Live bacteria, protein, and EPS were green-labeled, red-labeled, and blue-labeled, respectively. The fourth, fifth, and sixth image of each group represent the
merged labeled image, the EPS surface, and the mid-slice along the thickness-axis of biofilm, respectively. (B) Quantification of the thickness of biofilm and EPS of A.
viscosus. (C) The biomass of biofilm of each group. (D) The biomass of EPS of each group. (E) The surface to biovolume ratio of each group. Data represented as
means + S.D. (n = 5). *p < 0.01, vs. control group. **p < 0.001, vs. control group. ###, p < 0.001. Scale bars: 50 pm. Ctr, control. Amy, a-amylase. R, D-arginine.

Amy, the biofilm became dispersed, presented as the reduction of Figures 5C,D show that the biomass of biofilm and EPS in the
thickness. 0.01% Amy + 8 mMR thoroughly attenuated the = 0.01% Amy + 8 mM R group were significantly less than the
thickness and distribution of biofilm as well as EPS. Only  control group and the 0.01% Amy group. Unexpectedly, the
14 pm of biofilm could be measured. Whereas the thickness of ~ biofilm biomass in the 0.01% Amy group was more than the
EPS was not strictly consistent with biofilm. control group.
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FIGURE 6 | Effects of Amy and R on A. viscosus biofiim morphology
under SEM. The left column represents x500 magnification, the right column
represents x5.0 k magnification. Scale bars: 30 pym in the left column, 3 pmin
the right column. Ctr, control. Amy, a-amylase. R, D-arginine.

The surface to biovolume ratio of the 0.01% Amy + 8 mM R
group was much higher than the control group and the 0.01%
Amy group (Figure 5E).

A. viscosus Biofilm Morphology

As shown in Figure 6, the biofilm in the control group was
compact and multi-layered. While 0.01% Amy seemed to
loosen the biofilm. With the addition of R by gradient
increase of concentrations, the integrity of biofilm was
gradually disrupted and the thickness was also
diminished. Particularly, the cells in 0.01% Amy + 8 mM R
group tended to be sparse, and the extracellular matrix was
elusive. The results were consistent with the analysis of
CLSM (Figure 5).
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Structure of A. viscosus Biofilm

Extracellular Matrix

Figures 7A,D represent the biofilm in the control group, which
shows that the extracellular matrix was relatively massive
compared with the other groups. The black arrows show the
extracellular matrix, and the black triangles indicate the EPS or
extracellular matrix binding to the cell surface. Figures 7B,E
represent the detached substances from the biofilm treated by
0.01% Amy + 8 mMR. The black arrows indicate the sparse
detached substances, the volume of which was also much less
than the control group. Figures 7C,F represent the biofilm
remained on the plate after the treatment of 0.01% Amy +
8 mMR. Contrary to the first two groups, the extracellular
matrix almost vanished. Few EPS that attached to cell surface
were observed (black triangle). There were no profound
differences in cell structure among the groups.

Analysis of Molecular Dynamics
Simulations and Molecular Docking

MD simulations: Figure 8A represents each domain of Amy
1UA7, the calcium ion, and the maltotetraose. Figure 8B
illustrates the Root-Mean-Square Deviation (RMSD) values of
Amy and Amy + 10 R. During the MD simulation, the overall
RMSD values of Amy + 10 R were lower than the Amy group,
indicating that 10 R might play a pivotal role in stabilizing the
structure of Amy. Figure 8C depicts the differences of Root-
Mean-Square Fluctuation (RMSF) between Amy and Amy +
10R. Higher fluctuations at residue GLN50 and GLY309-
SER320 in Amy + 10R implied that these flexibilities were
affected by the binding to R. While the RMSF values of
residue PHE105-ASN151 were decreased, which is the
calcium-binding region in Domain B. Moreover, a subtle
change in the active site ASP212 could be recognized.
Figure 8D illustrates the distance changes between catalytic
triad (ASP176, GLU208 and ASP269). After the addition of R,
the distance between ASP176 and ASP269 was shortened from
11.5 A0 10.0 A, while the distance between GLU208 and ASP269
was shortened from 11.0 A to 10.3 A. Figure 8E shows the
contacts between chains within 4.0 A in the catalytic region of
Amy + 10R. R contacted with multiple residues, including
catalytic sites ASP176 and ASP269. Figure 8F shows the
contacts between chains within 4.0 A in the two calcium-
binding regions of Amy + 10 R. The putative defined calcium-
binding sites were tightly in contact with R. The three-
dimensional adjacent residues were also closely in contact with
R. Figure 8G depicts the drastically altered conformation of
flexibility at domain A, from GLY309 to SER320, indicating
that the flexibility of Amy might be affected by R
Supplementary Video S2 recorded the three-dimensional
comparison of the structures from GLY309 to SER320
between Amy and Amy + 10R. This conformational change
was in line with the results of RMSF in Figure 8C.

Molecular docking: Supplementary Figure S2 and
Supplementary Video S3 represent the position of
maltotetraose in the binding pocket. Figure 8H illustrates the
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FIGURE 7 | Effects of 0.01% Amy + 8 mM R on the structure of A. viscosus biofilm extracellular matrix under TEM. (A,D) The extracellular matrix was relatively
massive in the biofilm of the control group. The black arrows show the extracellular matrix, and the black triangles indicate the EPS or extracellular matrix binding to the
cell surface. (B,E) The detached substances from the biofim that treated by 0.01% Amy + 8 mM R. The black arrows indicate the sparse detached substances, which
were much less than the control group. (C,F) The biofilm remained on the plate after the treatment of 0.01% Amy + 8 mM R. The extracellular matrix almost
vanished, few EPS that attached to cell surface could be observed (black triangles). The black arrows indicate the few extracellular matrix. No profound difference in the
cell structure exists among the groups. Scale bars: 2 pm in (A-C), 500 nm in (D-F).

superposition of the best pose of maltotetraose in complex with
Amy as well as Amy + 10R after molecular docking. The
maltotetraose kept closer to the catalytic sites in Amy + 10 R
than Amy, which might accommodate the maltotetraose in the
binding pocket with more efficacy. The docking score of each
conformation was drawn in Figure 8I. The highest absolute value
of Amy and Amy + 10 R was 4.02 kcal/mol and 7.07 kcal/mol,
respectively. While the lowest absolute value of Amy and Amy +
10 R was 0.25 kcal/mol and 5.16 kcal/mol, respectively.

DISCUSSION

This study investigated the effects of R on enhancing Amy
disassembling A. wviscosus biofilm, and elucidated the
theoretical molecular mechanisms. 8 mMM R could prominently
enable 0.01% Amy to disassemble A. viscosus biofilm in 30 min
without cytotoxicity, and 8 mM R performed better effects on
enhancing Amy hydrolyzing starch than 60 ppm Ca**. Furtherly,
the mechanisms for R enhancing Amy include R increased the
overall stability of Amy and the activity of the catalytic triad, and
R also increased the stability of calcium-binding sites.

Implants have been widely used in oral rehabilitation, artificial
joints, bone fixators, and other bone-related fields (Hanawa,
2019). An untainted titanium surface is the guarantee of
osseointegration (Buser et al, 2017). Nevertheless, biofilm-
associated infections are the main cause of the early failure
after implantation or for the PiM during the long-term period.
Unlike other application fields, dental implants are threatened by

bacterial infection for their whole period due to their contact with
the multimicrobial oral environment. Plaque biofilm will
accumulate around implant attributed to bad oral hygiene
habits, food impaction, smoking, et al. Subsequently, the
immune response is evoked, leading to soft tissue
inflammation, bone resorption, and implant surface exposure
(Fu and Wang, 2020). Hence, it is essential to eliminate biofilm to
terminate the process of PiM and promote the regeneration of
bone around the implants.

Eradicating bacterial biofilms has been a huge concern
nowadays. However, the administration of conventional
antimicrobial agents lacks efficiency since they fail to approach
the massive bacteria encapsulated by the extracellular matrix
(Koo et al, 2017). Thus, many studies reported effective
antibiofilm agents capable of disrupting the extracellular
matrix. Nanocarriers, designed positively charged, could be
more likely to interact with the extracellular matrix (Fulaz
et al, 2019). For instance, chitosan oligosaccharide-capped
gold nanoparticles could eradicate mature Pseudomonas
aeruginosa (P. aeruginosa) biofilm by electrostatic interactions
(Khan et al., 2019). On the contrary, tobramycin, being positively
charged, was blocked by the P. aeruginosa biofilm, while the
neutrally charged ciprofloxacin could easily penetrate the biofilm
(Tseng et al., 2013). These contradictory results indicate that
nanocarriers could not penetrate biofilms with the pure
electrostatic theory. Moreover, recent strategies of nanocarriers
mainly focus on disrupting eDNA or proteins, not the more
quantities of polysaccharides. PDT involves the use of
photosensitizers, leading to the production of reactive oxygen
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FIGURE 8 | Molecular dynamics simulations and molecular docking. (A) Full Amy 1UA7 structure. Domain A, Domain B, Domain C, calcium ions, and maltotetraose

is represented inred, blue, green, gray, and yellow, respectively. (B) The RMSD values of Amy and Amy + 10 R during 400 ns of simulations. Amy in blue, Amy + 10 Rin
green. (C) The RMSF values of Amy and Amy + 10 R. The residues of GLN50, ASP212, and GLY309-SER320 showed greater fluctuations in Amy + 10 R, while the
fluctuations of PHE105-ASN151 residues were drastically attenuated in Amy + 10 R. Amy in blue, Amy + 10 Rin green. (D) The distances between catalytic triad in

Amy and Amy + 10 R. (E) The contacts between chains within 4.0 Ainthe catalytic region of Amy + 10 R, represented in yellow dotted lines. The R was preset as ball and
stick. Active sites were labeled in cyan, catalytic triad was labeled in orange. (F) The contacts between chains within 4.0 Ainthe calcium-binding regions of Amy + 10 R.
The calcium-binding sites as well as adjacent residues were tightly in contact with R. The R was preset as ball and stick. R binding sites were labeled in cyan, calcium-
binding sites were labeled in orange. (G) The drastically altered conformation of flexibility in domain A, from GLY309 to SER320. Amy in blue, Amy + 10 R in green. (H)
The superposition of the best pose of maltotetraose in complex with Amy as wellas Amy + 10 R after molecular docking. Amy in white, Amy + 10 R in cyan, maltotetraose
docking with Amy in blue, maltotetraose docking with Amy + 10 R in green, R was represented as translucent magenta spheres. (I) The docking score of each
conformation in Amy and Amy + 10 R. Amy in blue, Amy + 10 R in green. Amy, a-amylase. R, D-arginine. RMSD, Root-Mean-Square Deviation. RMSF, Root-Mean-

Square Fluctuation.

species (ROS). ROS is considered to oxidize the cellular
components, like lipids and DNA. In fact, ROS could also
have the capability of attacking extracellular matrix molecules
by disrupting the cell-to-cell and cell-to-matrix interactions,
which causes the degradation of matrix structure (Li et al,
2013). Nonetheless, PDT also possesses the difficulty to
penetrate the biofilm matrix easily and could not degrade the
complex matrix rapidly (Pinto et al., 2020). Enzymes that possess
the capability of degrading EPS, protein or eDNA could be
employed as potential biofilm disruptive agents. Dispersin B is

a well-known glycosyl hydrolase that could disrupt the major EPS
of Staphylococcus epidermidis biofilms by specifically hydrolyzing
poly-N-acetylglucosamine (Chen and Lee, 2018; Piarali et al.,
2020). Deoxyribonuclease I (DNase I) is highlighted for
antibiofilm purposes due to its effects on disrupting eDNA.
For instance, DNase I efficiently increased vancomycin activity
against the biofilm of Enterococcus faecalis, which could decrease
the dosage of vancomycin by 8-fold (Torelli et al., 2017). In the
present study, Amy showed significant effects on dispersing A.
viscosus biofilm and hydrolyzing starch with the addition of R,
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implying that the Amy + R might be an optimal compound for
decontaminating the biofilm-contaminated implant surface.

The PiM-associated biofilm is a cluster of definite bacterium
complex. Several studies have assessed bacterial adhesion and
colonization on implant surfaces through simple biofilm models
or multispecies biofilm models (Schmidt et al., 2017; Vilarrasa
etal, 2018; Bermejo et al,, 2019). Despite the diversity of bacterial
strains, Actinomyces is the widely used species for its initial
adherence on titanium surfaces as early as 15-20 min after
incubation (Guggenheim et al., 2001; Schmidlin et al., 2013).
Similarly, Actinomyces was selected in the present study to
represent the most critical species in forming the biofilm of
PiM. After 48 h of incubation, the biofilm expressed compact
and multi-layered (Figure 6), consistent with the study of
Yamane et al. (2013). Especially, there were porous micro-
pores among the biofilm, which might facilitate the exchange
of nutrients and gas. A previous study demonstrated that the
major components of the EPS of A. wviscosus were:
N-acetylglucosamine (62%), galactose (7%), glucose (4%),
uronic acid (3%) (Rosan and Hammond, 1974). Whereas
another  study revealed that 39%  galactose, 37%
N-acetylglucosamine, 19% glucose, and 5% mannose were the
main components of EPS produced by A. viscosus (Imai and
Kuramitsu, 1983). Theoretically, N-acetylglucosamines compose
poly-N-acetylglucosamine by forming f-1,6 glycosidic bond,
galactoses compose lactose by forming o/p-D-galactose
residues, and glucan, starch, as well as cellulose could be
composed of glucose either by a-1,4 glycosidic bond, or a-1,6
glycosidic bond or -1,4 glycosidic bond. Therefore, in order to
find the feasible glycoside hydrolases for hydrolyzing the above-
mentioned glucosidic linkages, Dispersin B, a-galactosidase, -
galactosidase, dextranase, cellulase, and Amy were employed.
Unexpectedly, merely Amy at supersaturated concentrations
showed assumed results. Amy specifically endohydrolyzes the
a-1,4-D-glucosidic linkages in polysaccharides containing three
or more a-1,4-linked D-glucose units. Hence, we presume that the
EPS of A. viscosus biofilm are mainly composed of
polysaccharides containing a-1,4 glycosidic bond, which is
inconsistent with previous studies (Rosan and Hammond,
1974; Imai and Kuramitsu, 1983). Fleming et al. showed that
0.25% Amy reduced the biomass of Staphylococcus aureus and
Pseudomonas aeruginosa polymicrobial biofilms (Fleming et al.,
2017). However, the saturation concentration of Amy is merely
0.01%, higher concentrations could lead to apparent cytotoxicity
(Figure 2). As a consequence, 0.01% Amy was furtherly
investigated.

Most thermostable amylases require the additional Ca®* for
their thermostability. For instance, 5mM Ca’** enhanced the
relative activity (%) of a-Amy from 100 to 115% (Lin et al,
1998). 1, 5 and 10 mM Ca** enhanced the relative activity of a-
Amy from 100 to 105, 109, and 116%, respectively (El-Banna
etal.,, 2007). The mechanism might be that the binding of Ca**
ions to the a-helical structure of a-Amy increases the overall
stability of a-Amy. Figure 4D showed that the mean relative
activity of 0.01% Amy was raised from 100 to 113.0% with the
addition of 60 ppm Ca®*, but the statistical difference was
scant. Strikingly, 8 mMR dramatically increased the
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efficiency of Amy to 175%. Moreover, 60 ppm Ca*" and
8mM R showed a synergistic effect on enhancing the
relative activity of Amy from 100 to 240%. These results
indicate that R expresses a better effect than Ca®* on
enhancing Amy, and there is a synergistic mechanism
between them. Figure 8F depicts the three-dimensional
structure at the calcium-binding regions after MD
simulations. There were massive hydrogen bonds between
the residues of Amy and R. The formally defined calcium-
binding sites also showed strong affinity with R. Additionally,
the values of RMSF from PHE105 to ASN151 showed a sharp
reduction with the addition of R (Figure 8C), which could be
attributed to the firmly bonding interactions between R
and Amy.

The results of CLSM are in line with SEM, both of them
indicated that there remained few individual bacteria and sparse
EPS after the treatment 0of 0.01% Amy + 8 mM R. Magdalena et al.
reported that glycoside hydrolase (PelA;,) reduced the
Pseudomonas. aeruginosa cells and polysaccharide elements,
remained visible bacterial cells on the membrane (Szymanska
etal., 2020). Similarly, minor A. viscosus could be observed on the
plate in this study, whereas the remaining cells were bare without
the enmeshing of extracellular matrix. Bacterium could adhere to
biomaterials through capsular polysaccharides, fibronectin-
binding proteins, collagen-binding adhesin, lipoteichoic acid,
or other surface components (Arciola et al., 2018). Likewise,
TEM showed the sparse extracellular matrix on the surface of the
remaining cells (Figure 7). Hence, although the EPS of A. viscosus
biofilm were entirely eliminated by Amy + R, the initial cells
adhering to the surface could not be removed easily by Amy + R
for their irreversible attachment via active adhesion (Carniello
etal,, 2018). It is worth noting that 0.01% Amy seemed to increase
biofilm biomass (Figure 5C), which could be interpreted by the
morphology of SEM (Figure 6). Briefly, after the treatment of
0.01% Amy, there was no notable reduction of biofilm,
nevertheless, several cracks and huge cavities were created to
form meshwork-like structures. As a consequence, the biofilm
became looser and the volume increased accordingly. With the
addition of 8 mMR, the EPS were hydrolyzed more evenly.
Figure 5E demonstrated that the surface to biovolume ratio of
0.01% Amy + 8 mM R was much higher than the control group as
well as 0.01% Amy group, facilitating the accessibility of
antimicrobial agents contacting with the cell surface. Brendan
revealed that glycoside hydrolase (Sph3y,) could potentiate the
treating effects of posaconazole on Aspergillus fumigatus via
disrupting the biofilm (Snarr et al, 2017), revealing the
analogous mechanism with Figure 5E.

MD simulations predict how each atom in a protein or other
molecular substance will move over time, based on experimental
structural biology data (Karplus and McCammon, 2002). These
simulations can capture a wide variety of important biomolecular
processes, including protein folding, ligand binding,
conformational changes, and revealing the positions of all the
atoms at femtosecond temporal resolution (Hollingsworth and
Dror, 2018). Hence, MD simulations could be exploited to
determine how a biomolecular system will respond to some
perturbation. A number of MD packages, such as CHARMM,
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AMBER, GROMACS, and LAMMPS could be used to perform
biological macromolecular simulations (Lee et al., 2016). Among
them, however, GROMACS might be the fastest MD package for
its huge codes constantly written by the developers. In addition,
the GROMACS analysis facilities for post-processing trajectories
are quite extensive, and many other tools could increase a
researcher’s productivity, regardless of the simulation package
used. Thus, the total time to solution can be minimized by
incorporating GROMACS in simulation and analysis
(Vermaas et al, 2016). In this study, the molar concentration
of R in parts 2.2-2.8 was 8 mM, while the molar concentration of
Amy was about 6.4 x 10~> mM. Therefore, the molecular amount
of R was much higher than Amy. In order to optimize the MD
simulation process for energy minimization, R was set decuple
than Amy in part 2.9. The MD results showed that 6 R molecules
interacted directly with Amy, the other four molecules were
dissociated in the force field. PDB 1UA7 is a compound of
Amy, containing 422 amino acids, from Bacillus Subtilis
complexed with acarbose. The crystal structure of the Amy is
divided into three distinct domains (Figure 8A), namely Domain
A, Domain B, and Domain C. Domain A (PRO4-ILE100,
THR152-LEU352) comprises the typical (a/B)8-Barrels, which
is the catalytic domain. Domain B (ASN101-ASN151) is a short
loop ring structure extending from Domain A, characterized to
hold tightly to a calcium ion, thus being pivotal to the stability of
protein. Domain C (SER353-ASP425) comprises a typical
antiparallel f-sheet structure. McCorvy et al. (2018) showed
that the modified indole-aripiprazole hybrid compounds
uncovered the ligand egress of G protein-coupled receptors,
indicating the positive response of the receptor to ligand.
Dexamethasone privileged only a few poses for the
glucocorticoid receptor, providing high rigidity to receptor-
ligand complex, thus suitable for recognizing substrates (Alves
et al., 2020). Likewise, the RMSD values were reduced and the
absolute values of docking scores were significantly improved
with the addition of 10R, implying the potential functional
changes of Amy affected by R. Metal-organic frameworks
(MOFs) with the shortest inter active site distance (15.6 A)
showed the highest record apparent quantum efficiency in
good accordance to biological systems, indicating that a
smaller distance leads to higher activity (Gong et al., 2020). In
the same vein, greater distances between the catalytic triad in
mutant Solanum tuberosum resulted in the prevention of
hydrogen bonding which is critical for catalytic activity
(Hussain and Chong, 2017). In the present study, similarly,
the distances between the catalytic triad were shortened by the
binding of the catalytic region to R (Figures 8D,E), which
consequently potentiated the catalytic activity of Amy.
Flexibility is a key feature of proteins to maintain local
changes in conformation (Hollingsworth and Dror, 2018).
Figure 8G illustrates the most notable conformational change
of Amy with the addition of R, corresponding with the highest
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peak in RMSF, implying that this random coil from GLY309 to
SER320 might reflect the overall stability of Amy.

Comprehensively, based on the results of biofilm biomass, EPS
hydrolysis, biofilm morphology, extracellular matrix structure,
MD simulations, and molecular docking, 8 mMR could
optimally enhance the disassembly effects of 0.01% Amy on A.
viscosus biofilm. Still, there exist some limitations. For instance,
the effects of Amy + R on the biofilms cultured on the titanium
surface should be further investigated. In addition, the feasibility
of Amy + R on treating multispecies biofilms should be verified in
the next phase of development.

CONCLUSION

In summary, this study demonstrates that D-arginine may
enhance the disassembly effects of alpha-amylase on
Actinomyces viscosus biofilm through potentiating the catalytic
triad as well as stabilizing the calcium-binding regions, thus
providing a novel strategy for the decontamination of biofilm
contaminated implant surface.
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The treatment of infected bone defects includes infection control and repair of the bone
defect. The development of biomaterials with anti-infection and osteogenic ability
provides a promising strategy for the repair of infected bone defects. Owing to its
antibacterial properties, chitosan (an emerging natural polymer) has been widely
studied in bone tissue engineering. Moreover, it has been shown that chitosan
promotes the adhesion and proliferation of osteoblast-related cells, and can serve
as an ideal carrier for bone-promoting substances. In this review, the specific molecular
mechanisms underlying the antibacterial effects of chitosan and its ability to promote
bone repair are discussed. Furthermore, the properties of several kinds of
functionalized chitosan are analyzed and compared with those of pure chitosan.
The latest research on the combination of chitosan with different types of
functionalized materials and biomolecules for the treatment of infected bone
defects is also summarized. Finally, the current shortcomings of chitosan-based
biomaterials for the treatment of infected bone defects and future research
directions are discussed. This review provides a theoretical basis and advanced
design strategies for the use of chitosan-based biomaterials in the treatment of
infected bone defects.

Keywords: chitosan, bone defect, hydrogel, antibacterial, scaffold

1 INTRODUCTION

Bone defects caused by infection pose a great challenge to orthopedic surgeons (Cui et al., 2017).
Although bone tissue exhibits self-healing ability, infection with a pathogen may seriously impair the
regeneration process (Dreifke et al., 2013). The current clinical treatment of infected bone defects
includes infection control and local reconstruction of the defect. Infection control requires surgical
debridement of necrotic and infected tissue, followed by extensive treatment with systemic
antibiotics. Nevertheless, long-term systemic antibiotic therapy may lead to the development of
resistance and side effects affecting organs. Moreover, antibiotics cannot reach the osteomyelitis site
at a sufficient concentration, resulting in limited efficacy and poor patient compliance (Orhan et al.,
2006). For the reconstruction of local bone defects, autografts, allografts, masquelet membrane
induction technology, and bone transfer technology are currently the most effective methods (Cui
etal., 2017; Ye et al., 2018a; Shao et al., 2018). However, they are also associated with problems, such
as the need for extra surgery, increased hospitalization time, donor site morbidity, and the
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occurrence of stress fractures (Keller et al., 2017; Radwan et al.,
2020). Therefore, the development of new biomaterials to replace
traditional therapeutic methods has become a research hotspot in
recent years (Topsakal et al., 2018).

The design and development of a variety of bioactive materials
with antimicrobial functions, such as chitosan (CS), silver
nanoparticles, magnesium oxide and bioactive glass, have provided
a new and promising direction for the treatment of infected bone
defects (Galarraga-Vinueza et al., 2017; Shuai et al., 2017). Currently,
synthetic and natural materials are commonly used in this setting.
These materials offer the advantages of biocompatibility and
biodegradability, high porosity, as well as the ability to effectively
induce new bone formation (Abueva et al, 2017). Among natural
materials, CS (an emerging biological material) has been increasingly
used in bone tissue engineering due to its biological and structural
similarities with natural tissues (Mostafa et al., 2017).

CS is a biodegradable and biocompatible natural polymer mainly
produced by acetylation of chitin, one of the most abundant
polysaccharides in nature obtained from the exoskeleton of
crustaceans (Kjalarsdottir et al, 2019; Saravanan et al, 2019). It
has a natural polysaccharide structure similar to that of
glycosaminoglycan sulfate, which is one of the main components
of collagen fibers in the extracellular matrix (ECM). This feature
enables CS to provide a microenvironment for cell proliferation and
ECM, and has the potential to promote bone formation (Yu et al,
20132013; Zang et al, 2017). Owing to the positive charge on its
amino group, CS can bind to the cell membrane, thereby providing
the appropriate conditions for cell adhesion (Deepthi et al., 2016; Tang
et al, 2020). Moreover, following the depolymerization of CS,
chitooligosaccharides with biological activity and improved
antibacterial properties are produced. Its monomer product
(glucosamine) can be metabolized or excreted from the body
(Aam et al,, 2010); it also promotes wound healing and hemostasis
and reduces inflammation (Shi et al., 2010). In addition, CS can be
modified by quaternization, carboxylation, sulfation, and
phosphorylation to improve its solubility, antibacterial properties,
and chelating ability. It can also be combined with organic materials to
improve its biocompatibility and biodegradability, as well as inorganic
materials to improve its antibacterial properties. This flexibility
renders CS a promising new material for the treatment of infected
bone defects (Shin et al., 2005; Venkatesan et al., 2014; Zhou et al.,
2017). Given the above properties, numerous studies have investigated
the application of CS-based biomaterials for the treatment of infection
and promotion of osteogenesis. These studies have demonstrated the
ability of CS to induce the repair of infected bone defects (Shi et al,,
2010; Covarrubias et al., 2018).

In this review, we discuss the specific mechanisms underlying the
antibacterial properties and osteoconductivity of CS. Also, the advanced
strategy for improving these functions of CS, which is essential for the
application of CS-based biomaterials, is analyzed. Furthermore,
considering the different material forms, we summarize the various
existing CS-based biomaterial scaffolds utilized in the treatment of
infected bone defects (Scheme 1). Finally, the shortcomings of CS in
bone tissue engineering and the prospects of its derivatives and
composite materials in medical applications are discussed. This
review provides an advanced strategy and theoretical basis for the
treatment of infected bone defects with CS-based biomaterials.

Chitosan-Based Biomaterials

2 FUNCTIONALITY OF CS FOR INFECTED
BONE DEFECTS

2.1 Chemical Structure

CS is derived from chitin and is a linear, semi-crystalline
polysaccharide composed of (1—4)-2-acetamido -2-deoxy-b-D-
glucan (N-acetyl D-glucosamine) and (1—4)-2-amino-2-deoxy-f-
D-glucan (D-glucosamine) units (Deepthi et al., 2016; Islam et al,
2016). CS can be prepared by deacetylation of NaOH and
borohydride, or it can be deacetylated by sophisticated grinding of
chitin powder. After deacetylation into CS, the viscosity of CS was
increased. In addition, the reaction conditions are mild, and the
methods are environment-friendly and low cost (Muzzarelli et al,
2014). Through deacetylation, the acetamide group in chitin is
converted to the primary amine group to produce CS. The
structure of CS is similar to that of cellulose. However, different
from cellulose, the hydroxyl group of cellulose C-2 is replaced by the
acetamide group in the structure of CS. Due to the effect of the -NH,
group at the C2 position, the polymer can be dissolved in acidic
solutions; however, the solubility in water is poor. This
hydrophobicity is determined by the main polysaccharide chain
and the N-acetyl group at the C2 position (Tao et al., 2020a).

The deacetylation degree (DD) is often used to express the number
of amino groups in CS; only a DD >60% denotes the production of CS
from chitin (Croisier and Jérome, 2013). CS is the only positively
charged polysaccharide in nature, and its charge density depends on the
DD and pH values. The DD also has an impact on the biocompatibility
of CS. For instance, a higher DD increases the number of positive
charges and the interaction between CS and cells, resulting in improved
biocompatibility (Kadouche et al,, 2016; Aguilar et al,, 2019).

2.2 Antibacterial Property
As mentioned above, two cationic units constitute the main part of
CS. The different proportions of these units affect the molecular
weight (MW), DD, and acetylation mode of CS, and determine the
strength of its antibacterial properties (Tan et al, 2014). As an
antibacterial material, CS has inherent activity and high
effectiveness against a variety of bacteria, such as Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus), as well as
filamentous fungi and yeast (Li and Zhuang, 2020). The
antibacterial properties of CS mainly include three aspects.
Firstly, the positively charged CS molecule reacts with the
negatively charged bacterial molecule on the cell surface. This
reaction changes the permeability of the cell, prevents the entry of
the substance into the cell or leakage of the substance from the cell,
and inhibits its metabolism. This process results in bacterial death
(Raafat et al., 2008). Secondly, CS can bind to bacterial DNA and
inhibit the synthesis of proteins expressed by bacterial genes. It can
also adsorb electronegative substrates in microbial protein cells to
disrupt the physiological activities of microorganisms and lead to
cell death (Fei Liu et al,, 2001). Thirdly, through the metal chelation
mechanism, CS inhibits the absorption of basic elements required
for the growth of microorganisms and combines the metal ions
required by microorganisms to achieve the purpose of antibiosis
(Chung et al,, 2011).

The antibacterial properties of CS are dose-dependent and
influenced by pH. This is because CS can be dissolved only in
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acidic solutions and becomes polycationic when the pH is < 6.5
(Lim and Hudson, 2004). Ultra-high-MW CS (MW > 10°) with
different DD (range: 51.04-100%) have been used to test the
antibacterial performance against E. coli and S. aureus. The
results showed that CS had stronger antibacterial activity
under acidic conditions versus neutral and alkaline conditions.
Importantly, it demonstrated its best antibacterial activity when
the pH was 6, due to the formation of cation NH>* by the amino

groups in CS through protonation under acidic conditions.
Under the condition of pH 6.0, the antibacterial activity of CS
was gradually increased in parallel with the increase in the DD (Li
et al., 2016). Moreover, CS exhibits varied antibacterial activity
against different strains. The negative charge on the surface of
Gram-negative bacteria is higher than that of Gram-positive
bacteria, thereby increasing the adsorption of CS on the
surface. Peptidoglycan and phosphoric acid are also present in
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the cell membrane of Gram-positive bacteria. Therefore, the
inhibitory effect of CS on Gram-negative bacteria is stronger
than that observed against Gram-positive bacteria (Chung et al.,
2004; Rashki et al, 2021). Temperature can also affect the
antibacterial property of CS. In the range of 4-37°C, the
inhibitory effect of chitosan on E. coli will augment with the
increase of temperature. This is due to the influence of low
temperature on the binding sites of chitosan and cells (Tsai
and Su, 1999). Moreover, the temperature also affects the MW
of CS, and the antibacterial activity of CS with different MW is
also different (Li and Zhuang, 2020). When the MW is below
300 kDa, with the increase of MW, the inhibitory effect of CS on
S. aureus is enhanced, but the phenomenon of E. coli is just the
opposite. The inhibition mechanism of CS with high MW and
low MW is different. CS with high MW forms a film on the
surface of S. aureus, which hinders its nutrient absorption, while
low MW of CS directly enters the cells of E. coli and disturbs cell
metabolism (Zhang and Zhu, 2003).

2.3 Bone Repair Promotion

The repair of bone defects depends on many factors, such as the
proliferation of bone progenitor cells and bone growth factors
(Wang et al, 2018a; Munhoz et al, 2018). In bone tissue
engineering, bone substitutes play an important role in
supporting cell adhesion, growth, and proliferation at the injury
site. As mentioned above, CS is similar to the natural ECM
component  glycosaminoglycan, ~which  creates a local
microenvironment for cell growth and supports the proliferation,
differentiation, and mineralization of osteoblasts (Pattnaik et al.,
2011). Cell adhesion to CS depends on the DD; higher DD values are
linked to greater cell adhesion to the surface (Mao et al., 2004). In
vitro studies have shown that CS can promote the adhesion and
proliferation of osteoblasts and mesenchymal stem cells (MSC).
Electrical stimulation and electroactivity improve the proliferation
and differentiation of electrically signal-sensitive cells, such as
osteoblasts (Zhao et al, 2015). Through its osteoconductivity
property, CS can effectively respond to this electrical stimulation
effect, thus promoting the proliferation of osteoblasts. Co-culture of
adipose mesenchymal stem cells (AD-MSC) and human umbilical
vein endothelial cells (HUVEC) in a CS scaffold promoted the
expression of CD31 in HUVEC and osteogenic differentiation of
AD-MSC following electrical stimulation (Zhang et al., 2018). In
addition, the osteogenic ability can be further enhanced by
combining CS with hydroxyapatite (HA). This approach
interferes with the mineralization process and osteogenesis signal
pathway in response to electrical stimulation (Oftadeh et al., 2018).
Moreover, CS can also enhance the growth of human bone marrow
mesenchymal stem cells (BMSC) by promoting the expression of
genes related to osteogenesis and calcium-binding proteins, such as
type I collagen, integrin-binding saliva protein, osteopontin (OPN),
osteonectin (ON), and osteocalcin (OCN) (Mathews et al., 2011). In
addition to the influence of MSC, the scaffolds prepared by mixing
CS and bioactive glass in different proportions do not have negative
influence on the cell activity of stem cells derived from periosteum,
but also promote the osteogenic activity. Moreover, due to the
existence of bioactive glass, the mechanical properties of the
composite scaffold have been improved (Gentile et al., 2012). It
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also has been found that CS nanofibrous scaffolds increase the
proliferation and DNA replication of human osteoblasts and induce
the expression of alkaline phosphatase (ALP) mRNA (Ho et al,
2014). In addition, studies have shown that N-acetylglucosamine
(the degradation product of CS) can promote osteoblast activity and
fibrous callus formation, and significantly shorten the healing time of
bone defects. It may also be related to the increase in the expression
of bone morphogenetic protein (BMP) induced by
N-acetylglucosamine (Nagel et al., 2013). CS molecules contain a
large number of amino groups. Hence, protonation can occur under
acidic conditions. This process leads to interaction with various
negatively charged proteins and glycolipids on the surface of red
blood cells, increased blood viscosity, and activation of platelet
adhesion (Fan et al, 2015). Aggregation enhances the transport
of platelets to the blood vessel wall to achieve physiological
hemostasis and promote angiogenesis (Kyzas and Bikiaris, 2015).
In addition, by freeze-drying method, platelet-rich plasma (PRP) can
be added to the CS gel scaffold, this scaffold can be used as a carrier
to deliver PRP, realizing the controlled release of growth factors in it.
Moreover, PRP contributes to the formation of hydrogel, promotes
cell adhesion, proliferation and differentiation, and further enhances
osteogenesis and angiogenesis (Busilacchi et al., 2013). Therefore, CS
can promote blood vessel formation, thereby enhancing bone repair
(Saran et al,, 2014).

Moreover, the CS scaffold has both osteoconductivity and
biodegradability at the bone defect site, which are the advantages
associated with its application in the treatment of local bone
defects (Mathews et al, 2011). Therefore, in bone tissue
engineering, CS is typically used as an osteoconductive
material in combination with other materials to further
promote bone regeneration. These biological materials include
metal ions, nano-hydroxyapatite (nano-HA), graphene oxide,
bioglasses, and biologically active substances, such as growth
factors, BMP2, as well as other combinations (Gentile et al,,
2012; Jayash et al., 2017a; Lopez Tenorio et al., 2019; Koski et al.,
2020). Mixing CS/gelatin scaffold with graphene oxide promotes
osteoblast differentiation, augments protein adsorption,
mineralization and degradability, and promotes the healing of
tibial bone defects (Saravanan et al., 2017). Bioactive glass is non-
toxic and has no inflammatory reaction when implanted in vivo,
and its degradation products can promote cell proliferation and
activate osteoblast gene expression. The addition of HA and
nano-bioactive glass to the CS/gelatin significantly improved
the adhesion and proliferation of MG-63 osteoblast-like cells
(Peter et al., 2010). Therefore, CS by itself or in combination with
other materials to further improve bone repair performance also
promotes bone healing to a certain extent.

3 MODIFICATION OF CS FOR
IMPROVEMENT OF PROPERTIES

Although CS has good biocompatibility, its solubility in most
solvents is poor (ie, in neutral or high pH solutions), which
markedly limits its application (Zang et al.,, 2017). Moreover, CS
is rapidly degraded in vivo (Tan et al, 2013). The above
characteristics compromise the ability of CS to fully exert its
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TABLE 1 | Summary of chemical structure, advantages, disadvantages, and main findings of chitosan and its derivatives.

Chitosan Chemical Structures Advantages
and
Derivatives
cs S it Antibacterial,
\/O osteoconductivity, low cost,
HO ™~ biocompatibility,
NH, biodegradability
T™C CH,OH o— Better water solubility than
CS in a wide pH range,
OH enhanced antibacterial and
absorption properties
+
C/ | N\
3
+ -
HACC CH,CH(OH)CH,N(CH,),Cl  Better antibacterial and water
HO solubility than CS in a wide pH
O range
Ho” ©
n
CMC CHZOCHZCOOH Higher antibacterial activity
compared to CS, good water
solubility
8CS 0SOy Low cytotoxicity, structure
0 similar to heparin, which
P enhanced the bioactivity of
0] BMP2
| HO NHSO,
OH I .
PCS 2e) Water solubility with a high
/P —OH

HO

/[\
HO O OH

degree of substitution,
improving mineralization
ability by chelating Ca®*

Disadvantages

Poor water solubility,
minimal osteoinductive
ability under neutral and
alkaline conditions

Cytotoxicity at high
molecular weight and
high degree of
substitution

Cytotoxicity at medium
degree of substitution

Mechanical properties
may be insufficient

Osteogenic properties
may be insufficient when
used alone

Poor antibacterial
property

Main Findings

Promote the proliferation of
human osteoblasts by

promoting the expression of
OPN, OCN and ALP genes

Delivery of osteoprogenitor
cells as one of the
components of periosteum-
mimetic scaffolds

Combining with 3D printed
scaffolds showed dual
functions of antibacterial and
osteogenesis both in vitro and
in vivo

Combining with copper-
containing scaffolds to
promote bone repair and
remove bacteria

As a carrier to enhance BMP2
activity, promoting osteoblast
proliferation in vitro and new
bone formation in vivo

Repair of rabbit ulna defect as
a composite scaffold for
promoting osteogenesis and
inhibiting bone resorption
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effect. Therefore, an increasing number of studies have focused on
introducing groups into the side chain of CS or modifying it by
copolymerization with polymers to comprehensively improve its
activity. The currently used chemical modification methods for CS
mainly include quaternization, carboxylation, sulfation, and
phosphorylation (Wu et al, 2016). Here, we summarize the
advantages of modified CS and its application in the treatment of
infected bone defects (Table 1).

3.1 Quaternized CS (QCS)

QCS is prepared by introducing quaternary ammonium groups
into the dissociated hydroxyl or amino groups of CS (Ji et al,
2009). Compared with CS, QCS has increased water solubility
and a permanent positive charge. There are two common types of
QCS, namely N-(2-hydroxyl)propyl-3-trimethylammonium

chitosan chloride (HACC) and N,N,N-trimethyl chitosan
(TMC) (LogithKumar et al., 2016; Wang et al., 2018b). HACC
is composed of CS and glycidyl trimethylammonium chloride
dissolved in distilled water at 80°C and subsequently concentrated
and lyophilized. TMC is formed by CS and methyl iodine under
the catalysis of sodium hydroxide at 60°C (Yang et al,, 2015).
Other types of QCS include N-(2-hydroxyl) propyl-3-
triethylammonium CS chloride and N-(2-hydroxyl-phenyl)-
N,N-dimethyl CS (Yang et al,, 2015).

3.1.1 HACC

HACC is a commonly used biomaterial for the treatment of
infected bone defects. It has exhibited strong antibacterial activity
against E. coli and S. aureus (Tan et al, 2013). Different
proportions of CS and glycidyl trimethylammonium chloride
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FIGURE 1 | Incorporation of PMMA cement into a HACC-based hydrogel to form a new composite system with dual function for the treatment of infected bone
defects (Wang et al., 2018b). (A) Synthesis of PMMA-based cement. (B) Morphological external phase of HACC-GP and HACC-GP/Nano-HA hydrogel at room
temperature and body temperature. (C) Bacteriostatic results based on scanning electron microscopy (SEM). (D) Surface morphologies (a) and p-CT observations (b, ¢)
of PMMA-based cements. (E,F) Agar plate diffusion and colony count results of PMMA-based cements against E. coli and S. aureus. CFU, colony forming unit; CS,
chitosan; E. coli, Escherichia coli; GP, glycerophosphate; HA, hydroxyapatite; HACC, N-(2-hydroxyl)propyl-3-trimethylammonium chitosan chloride; LA, lactic acid; p-
CT, micro-computed tomography; PMMA, polymethylmethacrylate; S. aureus, Staphylococcus aureus.

EZ3 Control

B3 PMMA

B3 p-PMMA/HACC-GP

E3 p-PMMA/HACC-GP/Nano-HA

S. aureus

E. coli

determine the degree of substitution of HACC. As mentioned
above, an increase in the DD in the CS structure increases positive
charge density, allowing it to have a higher electrostatic interaction
force (Chou et al, 2015). A higher permanent positive charge
density on the main chain of HACC strengthens its binding force
with the negative charge on the surface of bacteria (Sajomsang

et al, 2009). HACC can be electrostatically combined with the
bacterial membrane, resulting in a significant reduction in the risk
of bacterial resistance. In addition, the physical state and MW also
affect the antibacterial activity of HACC. Low-MW HACC easily
penetrates the bacterial cell wall to inhibit mRNA synthesis and
DNA transcription (Lu et al., 2016; Crismaru et al., 2011). Also, it
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has been demonstrated that the water solubility of HACC was
increased in parallel with the increase in the degree of substitution.
This effect may be due to the quaternary ammonium group with
steric hindrance and excellent hydration ability, which greatly
reduced the intermolecular and intramolecular hydrogen bonds
of CS. The enhancement of water solubility can improve the
antibacterial effect. Tan et al. (Tan et al, 2012) successfully
prepared the HACC-B-glycerophosphate (B-GP)/nano-HA
hydrogel through the addition of polymethylmethacrylate
(PMMA) to HACC. This construct demonstrated antibacterial
properties against methicillin-resistant S. aureus. Furthermore, the
existence of the hydrogel endows the system with porosity and
mineralization ability. It was also found that HACC-loaded
PMMA can prevent the formation of biofilm by staphylococci
and downregulate the expression of virulence genes in antibiotic-
resistant staphylococci (Figure 1) (Wang et al., 2018b). Grafting
HACC onto a three-dimensional (3D) printed scaffold composed
of poly (lactic-co-glycolic acid) (PLGA) and HA led to both
antimicrobial and osteogenic properties in vitro (Yang et al,
2016). In subsequent experiments, researchers established
models of infected femoral shaft and femoral condyle defects in
rats and rabbits, respectively. HACC-grafted PLGA/HA scaffolds
exhibited significantly enhanced anti-infection and bone
regeneration capabilities in both models of infected bone defects
(Yang et al, 2018). However, the increase in the degree of
substitution may have a toxic effect on the cells. Additionally,
the toxic effect of HACC concentration on cells should be also
considered.

Higher degrees of substitution in HACC increase cytotoxicity.
The toxic effect of HACC on cells may be related to
mitochondrial damage. HACC may cause acute damage to
cells by binding to the mitochondrial membrane at a high
concentration. Interaction of HACC with negatively charged
cellular components and proteins may also be one of the
mechanisms underlying this toxicity (Fischer et al., 2003). Xia
et al. (2019) found that low-concentration HACC (0-0.2 mg/ml)
stimulated the growth and metabolism of mitochondria.
However, when the concentration of HACC was increased to
0.4 mg/ml, it inhibited mitochondrial metabolism; this effect is
linked to the decoupling phenomenon.

The optimal drug concentration range of HACC also varies
under different degrees of substitution. HACC with a substitution
degree of 18% was soluble at pH 12-13. The minimum inhibitory
concentrations (MIC) against Staphylococcus epidermidis (S.
epidermidis) and S. aureus were 32 and 64 pg/ml, respectively.
However, it was not toxic to L-929 cells even at a concentration
markedly exceeding its MIC (i.e., 2.5 mg/ml) (Peng et al., 2010;
Peng et al.,, 2011). Another study found that when the degree of
substitution of HACC was 40%, the MIC of HACC for E. coliand S.
aureus was 40 pg/ml; the half lethal concentration of AD-MSC was
2.67 mg/ml (Zhao et al., 2015). When the degree of substitution of
HACC was increased to 44%, its MIC against S. epidermidis and S.
aureus were 16 and 32 pg/ml, respectively, which was similar to
40% HACC. However, slight toxicity to L-929 cells was noted at the
concentration of 2.5 mg/ml (Peng et al., 2010; Peng et al,, 2011). At
the degree of substitution of 66%, HACC at a concentration of
720 ug/ml can kill half of AD-MSC (Zhao et al,, 2015). Although
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Wang et al. showed that HACC with the degree of substitution
ranging 95-98% can play an antibacterial role at a micro
concentration of 40, 200, and 1,000 pg/ml against S. aureus and
E. coli, HACC at 200 and 1,000 pg/ml simultaneously showed
significant cytotoxicity (Wang et al., 2019).

According to the above evidence, compared with simple low-
MW CS, the MIC of HACC was significantly decreased with the
increase in the substitution degree from 18 to 98%. However, the
minimum bactericidal concentration did not change significantly,
indicating that the degree of substitution did not affect it
(Shagdarova et al, 2019). When the degree of substitution
exceeds 44%, the antibacterial activity may be very strong. This
indicates that HACC with a high degree of substitution only
requires a low dose to exert its antibacterial effect without
inducing toxic effects on cells. However, when the substitution
is excessively low (<18%), a very high concentration is needed to
produce a satisfactory antibacterial effect. Therefore, the optimal
concentration of HACC needs to be analyzed under different
degrees of substitution. In an optimal range of the degree of
substitution, there is no need to consider the toxic effect of
excessive concentrations on cells or the insufficient antibacterial
effect of low concentrations. According to the above research
results, we conclude that the most suitable range for the degree
of substitution in HACC is 18-20%. In this range, HACC has
optimal biocompatibility that does not cause toxic effects on cells at
the concentration of 2-2.5mg/ml and also has a sufficient
antibacterial effect. The MIC of HACC with a 44% degree of
substitution is markedly lower than the concentration at which
toxicity to cells was initiated. Nevertheless, the results of alizarin
red staining and ALP activity test showed that HACC does not
have osteogenic properties and cannot be used as the optimal
degree of substitution (Figure 2). Moreover, the critical degree of
substitution for HACC is approximately 90%; when the degree of
substitution is >90%, toxicity to cells has been initiated before the
occurrence of bacteriostasis.

3.1.2 TMC

TMC, one of the most easily synthesized and common forms of
QCS, can be synthesized by two methods, namely direct
quaternary ammonium substitution, and N-alkylation (Xu
et al, 2010). Compared with HACC, TMC has higher
antibacterial activity against E. coli and S. aureus; it has also
exhibited some antibacterial effect on Candida albicans. The
reported MIC against E. coli and S. aureus were 0.04 and
0.16 mg/ml, respectively, which are markedly lower than that
of HACC. The antibacterial activity of TMC increases in
parallel with an increase in the length of the alkyl
substituent chain. When TMC was further quaternized to
N,N,N-trimethyl O-(2-hydroxy-3-trimethylammonium
propyl) CS, it showed higher antibacterial activity than
TMC (Jia et al., 2001; Huang et al., 2013). A study showed
that novel electrospun silver nanoparticles loaded with
nanofiber mats containing TMC, polyacrylic acid, or poly
(2-acrylamide-2-methylpropanesulfonic acid) have better
antibacterial activity against E. coli and S. aureus than the
film without TMC and silver nanoparticles (Kalinov et al.,
2015). The antibacterial and polycation properties of TMC can
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diphenyltetrazolium bromide.

FIGURE 2 | Effects of HACC with different degrees of substitution on cell proliferation and differentiation (Peng et al., 2010). (A) ALP staining. (a) a-MEM; (b)
osteogenic induction medium (OS) only; (c) chitosan; (d) HACC 6%; (e) HACC 18%; and (f) HACC 44% treated hMSC after 14 days. (B) Relative ALP activity in each
group after 14 days of culture (***p < 0.05, #p < 0.01). (C) Alizarin red staining results after 28 days of culture. (a) a-MEM medium only; () OS; (c) chitosan; (d) HACC 6%;
() HACC 18%; and (f) HACC 44%. (D) MTT test results for L-929 cells after 48 h of exposure (p < 0.05). ALP, alkaline phosphatase; a-MEM, a-Minimum Essential
Medium; HACC, N-(2-hydroxyl)propyl-3-trimethylammonium chitosan chloride; hMSC, human mesenchymal stem cells; MTT, 3-(4,5-dimethyithiazol-2-y1)-2,5-
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be used to develop polyelectrolyte complexes and improve the
modification strategy; hence, more application prospects
should be explored. Romero et al. showed that a 71% degree
of substitution of TMC can be used with heparin as a periosteal
mimic to form a multilayer membrane coating to cover the
cortical bone for the promotion of bone healing; in this
coating, heparin and TMC acted as polyanion and
apolipoprotein, respectively. TMC did not have a toxic
effect on AD-MSC and exerted a strong antibacterial effect.
This experiment confirmed the potential usefulness of TMC
for the development of polyelectrolyte complexes (Romero
et al., 2015). While the antibacterial capabilities of TMC have
been extensively studied, further work is needed to investigate
its polycationic nature. Such research would expand its
applicability as a growth factor delivery vehicle in the
treatment of infected bone defects.

3.2 Carboxylated CS

Most studies on carboxylated CS have focused on
carboxymethylation reactions. CS and monohalocarboxylic
acid can produce different types of carboxymethyl chitosan

(CMC) under different reaction conditions. Common
carboxymethyl derivatives are O-CMC, N,0-CMC, N-CMC,
and N-succinyl CS (Shi et al., 2006). Similar to QCS, the water
solubility of CMC in various pH environments is also controlled
by the degree of carboxymethylation (Chen et al., 2004). CMC
also has antibacterial properties. However, the degree of
substitution of CMC has a minimal impact on its antibacterial
activity, which mainly depends on the number of NH** groups in
the structure (Sun et al, 2006). Although carboxylated CS
obtained enhanced antibacterial properties, the effects of
different types of CMC on Gram-positive or Gram-negative
bacteria differed. For example, O-CMC and N,0-CMC
exhibited strong antibacterial activity against E. coli and S.
aureus, respectively (Fei Liu et al, 2001). With the gradual
increase in the concentration gradient (ie., 5, 8, and 10 mg/
ml), the antibacterial activity of O-CMC and N,0-CMC was also
gradually increased in a dose-dependent manner. Moreover, at
the concentration of 0.4, 0.8, and 1 mg/ml, O-CMC and N,O-
CMC did not show cytotoxicity to the cells (Anitha et al., 2009).
Owing to the existence of the -NH,-CH,-COOH functional
group, CMC has good metal chelating ability. Wahid et al.
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FIGURE 3| Treatment of infected bone defect with a copper-containing CMC/sodium alginate scaffold (Lu et al., 2018). (A) Schematic of the scaffold preparation. i,
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trichrome (c) staining results at 2 and 4 weeks after implantation. (C,D) The antibacterial properties of the scaffolds in vivo. *p < 0.05. (E) The p-CT results at 2 and
4 weeks after implantation. (F) Quantitative analysis of bone regeneration. Alg, alginate; CMC, carboxymethyl chitosan; pu-CT, micro-computed tomography; H&E,
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(2017). I t has been demonstrated that CMC could be used to
prepare supramolecular hydrogels with metal ions, such as Ag",
Cu®", and Zn**. The gelation process of the hydrogel occurs
rapidly and can result in good mechanical properties, particularly
after combination with metal ijons. Moreover, excellent
antibacterial properties against S. aureus and E. coli were also
revealed compared with those of pure CMC. Direct crosslinking
of CMC with metal ions may lead to uncontrolled release. This
problem can be solved through the addition of other polymers to
form a mixture. Adding Cu nanoparticles to the CMC and
alginate polymer mixture can enable the controllable release of
Cu ions to form scaffolds. In vivo and in vitro experiments
showed that the combination of Cu nanoparticles with a
CMC/alginate scaffold could produce excellent antibacterial

and osteogenic properties, and did not have a toxic effect on
MC3t3-E1 cells (Figure 3) (Lu et al., 2018). Apart from chelating
Cu’" and Zn** to augment the antibacterial properties, CMC can
chelate Ca** to induce apatite deposition and improve osteogenic
activity. This effect may be related to the fact that carboxymethyl
groups provide more nucleation sites. N,0-CMC and
polyphosphate are crosslinked by a Ca®" bridge; this process
yielded a scaffold which has exhibited a strong regeneration-
inducing activity in rat skull defects (Miiller et al., 2015). BMP
and other proteins promote the proliferation of bacteria to some
extent; nevertheless, the existence of CMC inhibits or even
reverses this effect. CMC can also help overcome the problem
of biofilm formation by bacteria on the implant surface.
Functionalizing the surface of the titanium alloy material with
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CMC and BMP2 by covalent grafting can significantly inhibit S.
aureus and S. epidermidis adhesion. In addition, CMC does not
affect the differentiation and proliferation of osteoblasts (Shi
et al, 2009). CMC can also be synthesized with other
biomaterials to improve its osteogenic performance in bone
tissue engineering. The combination of CMC and gelatin with
laponite at the concentration of 10% (weight/weight) can
significantly enhance the osteogenic differentiation ability of
rat BMSC and has a strong compatibility in vitro. Notably, it
can promote the healing of rat skull defects in vivo (Li et al., 2017).

3.3 Sulfated CS (SCS)

CS can be sulfated using sulfuric acid or sulfonic acid salts (Zhang
et al., 2015). Unlike the aforementioned two modified CS, SCS is
designed to cooperate with BMP2 for the promotion of healing in
bone defects. The sulfate group in SCS is similar to natural
anticoagulant heparin, which contains BMP2-binding sites.
Compared with natural heparin, SCS has stronger activity on
BMP2. However, the antibacterial properties of SCS have rarely
been reported (Green et al., 2009). Adding SCS to the BMP2-
loaded calcium-deficient HA scaffold can increase the cumulative
release of BMP2 compared with the scaffold without SCS. This
composite scaffold promoted the repair of skull defect in a rat
model (Zhao et al,, 2012). In another study, 2-N-SCS, 6-O-SCS,
and 2-N, 6-O-sulfated chitosan (26SCS) were successfully
synthesized. Among them, 26SCS is the most suitable
enhancer for BMP2 with a sulfur content of 12.89 * 14.86%.
Low-dose 26SCS (0.625-2.5 ug/ml) stimulates the differentiation
of osteoblasts induced by BMP2 in vitro and stimulates ectopic
bone formation in vivo. These effects may be related to the fact
that 26SCS can increase the expression levels of noggin (NOG)
mRNA. Nevertheless, SCS alone does not promote the osteogenic
differentiation of C2C12 myoblast cells. This finding indicated
that SCS should work together with BMP2 to indirectly affect
osteogenic differentiation (Zhou et al., 2009). The preparation of
a photopolymerisable hydrogel incorporating recombinant
human BMP2 (rhBMP2)-loaded 26SCS-based nanoparticles
can promote the attachment and osteogenic differentiation of
human MSC in vitro. New bone formation was found in a rabbit
model of the radial defect (Cao et al, 2014). Therefore, we
conclude that SCS alone cannot be used as a bone-forming
material. To achieve this purpose, it needs to be combined
with osteogenic biomaterials, such as BMP2. Additionally, the
combination of SCS with metal ions or antibacterial substances
can be explored to improve the antibacterial properties and serve
as a synergistic factor in the regeneration of local infected bone
defects.

3.4 Phosphorylated CS (PCS)

Compared with CS, ionic conductivity, and swelling index are
both improved in PCS. Although the crystallinity was reduced,
the tensile strength remained similar to that of CS. Unlike CS,
PCS has a significantly rough surface (Jayakumar et al., 2008).
PCS is mainly produced through two approaches. The first
approach involves the reaction between the CS hydroxyl group
and phosphorus pentoxide group the presence of
methanesulfonic acid, which can be used as a protective agent

in
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for the CS amino group (Jayakumar et al., 2007). The second
approach involves the reaction of CS hydroxyl functional groups
with phosphoric acid in the presence of urea (Jayakumar et al.,
2008). Owing to the presence of the phosphate group, PCS has
metal chelating ability. It can be combined with calcium
phosphate crystal particles, thus improving the mechanical
properties of PCS and promoting bone properties. By
combining PCS and HA at a weight ratio of 30/40, the
maximum mechanical property of approximately 70.25 MPa
can be obtained; also, most of its original compressive strength
can be maintained for 20 days. (Li et al., 2011). Studies on the
osteogenic effect of PCS have shown that it modulates the
expression levels of osteoclastogenic factors, nuclear factor kB
ligand-receptor activator (RANKL), and osteoprotegerin (OPG)
protein. Moreover, it may inhibit osteoclast differentiation by
upregulating the expression ratio of OPG and RANKL in human
primary osteoblasts (Tang et al, 2011). By mixing PCS and
disodium (1—4)-2-deoxy-2-sulphoamino-
B-p-glucopyranuronan (SCS) into PLGA/tricalcium phosphate
scaffolds, we can obtain scaffolds with dual functions, namely
osteogenesis and inhibition of bone resorption. These scaffolds
promoted bone healing in an ulna defect model in vivo (Chen
etal., 2017). Collectively, these properties ensure that PCS can be
used as a potential biomaterial in the treatment of infected bone
defects.

3.5 Others

This part describes the rarely modified CS; many functions have
not been confirmed thus far, and the osteogenesis and
antibacterial properties require further investigation. Thiolated
chitosan (TCS) can be obtained by adding the thiol group to the
primary amino group of CS, which can improve some properties
of CS (e.g., good solubility at neutral pH and formation of
disulfide bonds with other thiol groups in proteins) (Wang
et al., 2020). Compared with the traditional CS/B-GP hydrogel,
the TCS/HA/B-GP hydrogel has a higher storage modulus (G’)
and loss modulus (G”), as well as a more appropriate degradation
rate and low cytotoxicity (Liu et al., 2014).

Succinylation of CS can effectively augment water solubility
and biocompatibility and yield new functional groups. The
succinylated CS hydrogel can controllably release drugs under
the influence of pH. Through combination with bone graft
material, this hydrogel can increase the rates of cell growth
and bone differentiation. Its mechanical properties, such as
compressive strength and Young’s modulus, decrease with the
increase in the rate of succinylation (Lee et al., 2020; Lee et al,,
2021). Hydroxypropyl CS and hydroxybutyl CS are two forms of
hydroxyalkyl CS. Hydroxyalkyl CS was obtained by the
substitution reaction of CS and epoxide on amino or hydroxyl
groups; however, it is rarely used in the treatment of bone defects
(LogithKumar et al, 2016). By grafting maleic acid,
hydroxypropyl CS can effectively inhibit >90% of E. coli and
S. aureus within only 30 min. In addition, hydroxybutyl CS can
rapidly form a gel, stably exist in vivo, and is injectable (Peng
et al,, 2005; Dang et al., 2006). The ethylene glycol CS has better
mechanical properties and a slower degradation rate than pure CS
(Huang et al., 2016). The above modified CS is rarely reported.
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FIGURE 4 | Injectable thermosensitive hydrogel system for the delivery of VCM in the treatment of osteomyelitis (Tao et al., 2020b). (A) Schematic diagram of the
synthesis of antibacterial and osteogenic hydrogels. (B) (a), (b) VCM, VCM-NPs, and VCM-NPs/Gel against S. aureus with different concentrations of VCM; (c) Agar plate
diffusion of different groups at 1 and 15 days. (C) (a) The results of y-CT bone morphology after treatment with VCM/Gel, VCM-NPs/Gel, and vancomycin-calcium sulfate
(VCS); (b), (c) Quantitative analysis of y-CT in each group. (D) (a) Histopathology and IL6 immunohistochemical analysis of the rabbit tibia; (b), (c) Quantitative
analysis of new bone formation and (d) Quantitative analysis of IL-6 immunohistochemical staining. (*p < 0.05; **p < 0.01, and ***p < 0.001). BMD, bone mineral density;
BV/TV, bone volumer/total volume; IL6, interleukin 6; p-CT, micro-computed tomography; N. Ob/T. Ar, osteoblast number/trabecular bone area; N. OB/B. pm,
osteoblast number/bone perimeter; NPs, nanoparticles; S. aureus, Staphylococcus aureus; VCM, vancomycin; ZOI, zone of inhibition.

Although its performance has been improved, its synthesis may  the treatment of infected bone defects (Wang et al., 2018a;
be more complicated. Further investigation is warranted to ~ Nancy and Rajendran, 2018). This part summarizes the
improve its performance and render it suitable for the  application of CS-based biomaterials in the treatment of
treatment of infected bone defects. infected bone defects.

4.1 Injectable Hydrogels
4 APPLICATION IN THE TREATMENT OF The CS hydrogel scaffold has a 3D porous structure, which can
INFECTED BONE DEFECTS simulate the microenvironment of the ECM, promote cell

adhesion and proliferation, and allow nutrient and metabolite
In addition to the chemical modification of CS, mixing CS with ~ exchange and cell migration. Moreover, it can encapsulate
other materials (e.g., antibacterial and osteogenesis-promoting  osteoblasts or growth factors to promote the regeneration of
substances) is an excellent strategy for improving its properties. ~ bone tissue (Sultankulov et al, 2019). The CS-based
CS can be used as a carrier for the delivery of antibacterial drugs ~ thermosensitive hydrogel has recently attracted attention in
and osteogenic molecules (e.g., vancomycin, parathyroid  bone tissue engineering. CS itself is not a thermosensitive
hormone, and BMP2), thereby increasing its effectiveness in ~ polymer, however, through modification, thermosensitivity
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can be realized. For example its thermal gelation can achieved by
adding GP to the CS solution (Ji et al., 2009). GP is a natural
organic compound that exists in the body and one of the
components of the osteogenic medium. It can promote the
differentiation of MSC into osteoblasts by extracellular
related kinases (Wang et al., 2018b). This type of hydrogel
can exist in a fluid state at room temperature. Following
injection into the body, it forms an in-situ stable hydrogel
under body temperature conditions (Zhou et al., 2015). This
property of the CS hydrogel allows it to be injected directly into
the bone defect cavity, regardless of the shape and size.
Moreover, changing from the original liquid state to the gel
state can make it act as a favorable drug carrier. Therefore, the
CS/B-GP injectable hydrogel is considered an outstanding
biomaterial for bone reconstruction. Nevertheless, it is also
characterized by certain shortcomings, such as mechanical
stability, ~and  insufficient  osteoconductivity. = Some
modification methods have been developed to solve this
problem. For instance, the CS/GP hydrogel can be used as a
carrier of cells, growth factors, and drugs. Using the CS/GP
hydrogel, Huang et al. (Huang et al., 2011) added collagen and
nano-HA to prepare a stable gel for the delivery of rat BMSC.
The gel showed good stability, which may be related to the
hydrogen bond formed between collagen and CS. This hydrogel
system showed enhanced mechanical properties and ability to
induce osteogenesis. To further improve the osteogenic
properties of the CS hydrogel, Jayash et al. produced an
OPG-CS gel for the treatment of critical-sized skull defects in
rabbits. Rabbits in the OPG-CS gel group exhibited more
obvious new bone formation at 6 and 12weeks after
treatment compared with those in the CS gel group (Jayash
et al., 2017b). Moreover, using the CS/GP hydrogel as a carrier
for the delivery of antibiotics can realize an appropriate
antibacterial ~ effect. A CS/GP  hydrogel containing
nanoparticles loaded with vancomycin released the drug
continuously for >26 days, inhibiting S. aureus both in vitro
and in vivo (Figure 4) (Tao et al., 2020b).

In addition, CS can be modified and mixed with other
materials to improve its performance. Single-component
polymer hydrogels may have poor mechanical properties and
insufficient cell adhesion. Sun et al. (Sun et al, 2021) used
polyethylene glycol diacrylate/TCS to form a double-network
hydrogel. This dual-network hydrogel has excellent mechanical
properties, high crosslinking density, and low swelling degree. In
an in vivo rat model of skull bone defects, it was demonstrated
that addition of BMP2 to this hydrogel can significantly augment
new bone formation and biocompatibility. In addition,
modification of this hydrogel with thiolated halloysites
improves adhesion to MC3T3-E1l cells and further promotes
proliferation. This is related to the participation of thiol on
the outer surface in the disulfide exchange during the process
of cell adhesion, which is mediated by fibronectin and collagen
(Rosenberg et al., 2019).

Traditional methods (e.g., crosslinking agents and chemical
reactions) for the synthesis of gels may have adverse effects on
living cells and biologically active factors. Guanidinylated CS
supramolecular hydrogels, which are driven by reversible non-
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covalent bonds, include ionic interaction and hydrophobic
interaction hydrogen bonds, and have been associated with
self-healing and injectable properties (Zhang et al, 2020).
Laponite acts as a physical crosslinker with osteoinductive
properties; the hydrogel enhances cell adhesion and promotes
osteogenic differentiation of MSC by activating the Wnt/B-
catenin signaling pathway.

4.2 Coatings

A major goal in the field of orthopedic implant materials is to
provide a bio-interactive surface that can prevent bacterial
adhesion and enhance biological activity (Leedy et al., 2011).
The osteoconductivity, biodegradability, antibacterial, drug
delivery properties, and flexibility of processing and
modification of CS render it a potential coating material for
orthopedic implants. The conventional preparation processes
for CS coating include electrophoretic deposition (EPD), spin
coating, electrostatic spinning, and sol-gel methods (Kumari
et al.,, 2021). EPD has become one of the most commonly used
methods for the preparation of coatings due to its ability to
control the coating composition and complex shape, high
efficiency, simplicity, and the absence of a need for a
crosslinking agent (Obregoén et al., 2019). CS is also highly
positively charged; thus, it is easy to prepare a coating using the
cathodic EPD method. The use of CS as a coating material has
two main functions. Firstly, it can induce calcium deposition on
the surface of the coating, thus improving the mineralization
ability and promoting osteogenesis. Li et al. (2021) coated the
CS/gelatin hydrogel on the poly (aryl ether nitrile ketone)-
containing phthalazinone moiety substrate (PPENK) through
the spin coating method. Due to the presence of CS, this

composite coating can chelate Ca®* to promote the
deposition of calcium phosphate at the mineral phase on the
surface of the PPENK matrix and enhance the
biomineralization potential of the coating, which has

exhibited biocompatibility and osteogenic properties for
MCET3-E1.

Secondly, as a carrier for the delivery of antibiotics,
biomaterials, and growth factors, the CS coating has many
advantages, such as a controllable drug release rate and a slow
degradation rate (Frank et al., 2020). Coating CS on titanium
alloy scaffold to delivery ciprofloxacin can strongly inhibit S.
aureus, and does not affect the osteogenic activity of
MG63 osteoblast-like cells in vitro. In addition, about 77% of
total ciprofloxacin was released in 7 days (Mattioli-Belmonte
et al., 2014). Beenken et al. (Beenken et al, 2014)
demonstrated that CS-coated calcium sulfate containing
daptomycin can effectively delay the release of daptomycin
and maintain the activity of the released drug for 10 days
in vitro. In the absence of CS coating, the concentration of
daptomycin eluted from the calcium phosphate particles was
rapidly decreased. In a rabbit model, calcium sulfate pellets with
CS coating exerted a better effect on osteomyelitis than those
without CS coating. Nancy et al. (Nancy and Rajendran, 2018)
produced a double-layer coating through the EPD method, using
the TiO,-strontium-incorporated HA as the first layer and
vancomycin-added CS/gelatin as the second layer. This
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double-layer coating has both antibacterial and osteogenic
properties, and can sustain the release of vancomycin over
48h. In bone tissue engineering, porous bioglass is also
commonly used as a carrier of osteogenic or antibacterial
drugs. However, it is often characterized by burst release of
drugs, which shortens the duration of its effectiveness
(Soundrapandian et al, 2010). This shortcoming can be
overcome by combining CS with bioactive glass, which can
effectively prolong the release cycle to prevent the occurrence
of osteomyelitis. Patel et al. (2012) synthesized a composite
coating with CS and bioactive glass nanoparticles via the EPD
method. Ampicillin was eluted continuously from the CS-
bioactive glass nanoparticles coating for 10-11 weeks,
confirming its ability for long-term drug delivery. Besides CS
molecules, calcium and silicon ion products eluted from bioactive
glass nanoparticles can promote the osteogenic ability of MC3T3-
E1 cells. Furthermore, bioactive glass nanoparticles and CS can
jointly promote the formation of apatite on the coating surface
and enhance the mineralization ability. Because of their
hydrophobicity, most synthetic polymeric materials do not
support cell adhesion, proliferation and differentiation. The

surface coating formed with CS can enhance the surface
hydrophilicity of the polymer material, thereby increasing the
cell adhesion (Tong et al., 2011). Coating CS on a 3D-printed poly
(3-hydroxybutyrate-co-3-hydroxyvalerate)/calcium sulfate
hemihydrate scaffold through a fused deposition modeling
approach can improve the osteogenic performance of the
scaffold both in vivo and in vitro (Figure 5). Due to the
presence of CS, the scaffold can promote the adhesion and
proliferation of rat BMSC, and upregulate the expression of
osteogenesis-related genes (e.g, OCN, OPN, and BMP2) to
enhance the osteogenic ability (Ye et al., 2018b).

4.3 Microspheres

Microspheres are flowing particles typically composed of
inorganic or polymer materials. Generally, microspheres are
thought to be excellent cell or drug transport vehicles. Cell or
drug/microsphere complexes may be implanted directly into the
body, which can simplify procedures and improve cell survival
(Grellier et al., 2009). Notably, microspheres have a large specific
surface area; therefore, modification of their surfaces may
promote cell-or drug-substrate contact (Park et al., 2010).
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CS has good biocompatibility and biodegradability. Sintering,
coagulation precipitation, and emulsion crosslinking methods are
the most widely utilized processes for producing microspheres
from CS (Huang et al., 2014). Using the sintering microsphere
technique, Jiang et al. (2010) produced a CS and PLGA sintered
microsphere scaffold. The mechanical properties of the scaffold
were within the range of the human trabecular bone, and the
degradation rate was slower than that recorded for the pure PLGA
scaffold. Addition of heparin and BMP2 to the scaffold promoted
bone formation at the bone defect in the early stage (Figure 6). The
acidic products of some polymers (e.g., polylactic acid) may cause
inflammatory reactions and metabolic disorders at the local
implantation site. In contrast, the metabolites of CS are neutral

or slightly alkaline, which is beneficial to the adhesion,
proliferation, and differentiation of cells (Dias et al, 2011). By
adjusting the proportions of CS microspheres and calcium
phosphate cements, the absorbability can be improved without
affecting the overall compressive strength. This composite
containing 10% (weight/weight) CS microsphere had a
compressive strength of 14.78 + 0.67 MPa, which is similar to
that measured for cancellous bone. In rabbit model of femoral
defects, at 24 weeks after implantation, the CS microsphere scaffold
had been mostly absorbed and a large number of new bones was
observed in the transplantation area (Meng et al., 2015). This is
attributed to the fact that CS in the form of microspheres can
promote the degradation of calcium phosphate cements and the
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formation of new bones. In addition, CS microspheres prepared by
the emulsion crosslinking method showed better compatibility and
osteogenesis with BMSC. Moreover, the degree of bone
regeneration in vivo was greater than that obtained via the
coagulation precipitation method (Xu et al, 2014). Therefore,
differences in the preparation of CS microspheres will affect cell
expression and bone regeneration. In the treatment of infected
defects, appropriate preparation methods should be selected to
maximize the utilization of CS microspheres.

4.4 Nanofibers

As a nanofiber scaffold material, its unique characteristics (i.e., large
surface area, high porosity, and sufficient mechanical strength)

endow CS with extraordinary biological properties (Rasouli et al,
2019). Nanofiber scaffolds can mimic the nanoscale characteristics of
the ECM, promote cell adhesion and migration, and enhance
metabolism and the transport of nutrients (Sofi et al., 2018). As
special biomaterials with nanometer size, CS nanofibers scaffolds can
be fabricated by electrospinning, self-assembly, thermal separation,
ultrasonic treatment, and chemical synthesis (Ding et al,, 2014).
Among them, electrospinning is the most commonly used
technology for preparing CS nanofibers. By altering the
parameters of electrospinning (e.g., voltage, flow rate, viscosity,
and solution concentration), the structure and diameter of CS
nanofibers can be adjusted to enhance the behavior, function and
mechanical properties of cells (Beachley and Wen, 2009). Compared
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with CS films, CS nanofibers prepared through electrospinning can
better promote the adhesion and proliferation of mouse osteoblasts.
Moreover, CS nanofibers can stimulate the proliferation and
maturation of osteoblasts by inducing the runt-related
transcription factor 2 (RUNX2)-mediated regulation of OPN,
OCN, and ALP gene expression in osteoblasts through the BMP
signaling pathway (Ho et al., 2014). In a model of femoral defects,
implantation of the CS nanofiber scaffold promoted bone healing by
stimulating and improving the quantity and quality of trabecular
bone formation (Ho et al., 2015). CS nanofibers can also improve the
mechanical properties of composite biomaterial scaffolds. The
fabrication of high-strength nanofiber scaffolds is a major focus
in the field of bone defect therapy. The excellent mechanical
properties of such scaffolds contribute to maintaining the
structural stability of biomaterials in vivo. CS lacks sufficient
mechanical properties; hence, the mechanical strength of
nanofibers can be optimized by combining CS with other
materials. CS and HA nanofiber scaffolds crosslinked using
genipin can simulate the Young’s modulus of the periosteum,
reaching a strength of 142 + 13 MPa; this strength increases in
parallel with the increase in the concentration of HA. By simulating
the modulus of bone, this composite scaffold can also enhance the
differentiation ability of osteoblast precursor cells and ECM
deposition. Therefore, this type of scaffold can be used as a
biological template for the formation of new bone (Frohbergh
et al, 2012). A novel type of PRP-incorporated electrospun
polyvinyl-alcohol-CS-HA  nanofibers  exhibited = remarkable
biological and mechanical properties, similar to those of human
tissue. Furthermore, this composite scaffold improved the ability of
osteoblasts for adhesion and proliferation (Abazari et al,, 2019). In
addition to physical properties, such as mechanical properties and
porosity, composite nanofibers containing CS may offer antibacterial
activity. The use of the copper (I)—catalyzed azide-alkyne
cycloaddition (CuAAC) reaction to graft polycaprolactone (PCL)
to the CS by the electrospinning method has been reported.
Subsequently, magnesium-doped hydroxyapatite (Mg-HA) was
added to the blend composite to prepare a CS-g-PCL/Mg-HA
nanofiber scaffold. The triazole group produced by the CuAAC
reaction can interact with lipids on the microbial cell membrane to
produce antibacterial properties and enhance the osteoblast activity
of MG-63 cells (Sedghi et al., 2020). Although electrospinning is one
of the most commonly used methods in bone tissue engineering, it is
associated with some challenges. For example, the selection of
solvents will affect the cytotoxicity of CS nanofibers, and the
process of electrospinning is relatively complicated (Chahal et al.,
2019). The preparation of polycationic CS and polyanionic ulvan
nanofibers by the molecular self-assembly method can also promote
the proliferation of osteoblasts and maintain the morphology of
osteoblasts. The manufacturing method is simpler than that of the
electrospinning method (Toskas et al., 2012). The side chain groups
of CS can also be modified to prepare nanofibers. Compared with the
solvent used for electrospinning CS nanofibers, CMC nanofibers are
water-soluble, non-toxic, and do not require the removal of acid salts
generated during electrospinning (Su et al, 2016). The CMC
nanofibers with HA can be prepared by the electrospinning
method through simple biomimetic mineralization. CMC
nanofibers have more mineral deposits than CS nanofibers at
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16 h after mineralization. This observation is mainly attributed to
the fact that carboxymethyl groups provide more nucleation sites,
which is consistent with the findings described above. CMC
nanofibers can effectively promote the differentiation of mouse
BMSC in vitro and augment osteogenesis in rat calvarial bone
defects in vivo (Figure 7) (Zhao et al., 2018).

5 CONCLUSION AND PROSPECTS

Infected bone defects continue to pose a challenge in the field of
orthopedics. CS is a bioactive material commonly used in bone
tissue engineering. CS kills bacteria through the combination of
positive and negative charge. Moreover, CS promotes the
proliferation of osteoblasts by increasing the expression of
genes related to calcium binding and mineralization, such as
ALP, OPN, and OCN. Also, combination with inorganic and
organic molecules (e.g., metal ions, graphene oxide, and nano-
HA) improves the osteogenic performance of CS. In addition,
these properties of CS can be enhanced by side chain
modification, yielding QCS, CMC, SCS, and PCS. Among
them, QCS is the most common form; it is characterized by
enhanced antibacterial activity, an optimal degree of substitution
of 20%, and a critical degree of substitution of 90%. In addition,
carboxylation, sulfation, and phosphorylation also promote the
antibacterial and osteogenic properties of CS. At present, CS can
be applied to the treatment of infected defects in many forms,
including hydrogels, coatings, microspheres, and nanofibers, all
of which have achieved good therapeutic effects.

Although there have been significant advances in the research
on the treatment of infectious bone defects with CS, there are still
some deficiencies that need to be implemented to promote its
extensive clinical application. First of all, the hydrophobicity of CS
greatly limits its application, and the antibacterial property of pure
CS is not as effective as that of antibiotics. Although some
modification of CS can solve this problem, the modified CS will
inevitably produce some toxicity. Furthermore, the synthesis of
modified CS is complicated, and it is not easy to control the
quantification. Therefore, future research should focus on the
development of cell-compatible solvents and modification
methods to enhance the antibacterial activity and bone-
promoting  ability of CS while maintaining good
biocompatibility. In addition, the insufficient mechanical
properties of CS limit its wide application. The combination of
CS with other materials such as inorganic materials can make up
for the deficiencies. Therefore, these mixed materials deserve
further study. Moreover, there is limited research on the
relationship between the degradation rate and MW of CS in
vivo. Many studies on CS are still in the laboratory stage, and
further research is needed to be used as bone graft biomaterial for
treating infection in clinical treatment. In summary, future research
should focus on the efficiency of CS to maximize its antibacterial
and osteogenic properties under physiological conditions and more
natural bioactive materials mixed with CS need to be developed to
further improve biological performance. Such evidence would help
overcome the existing difficulties and provide a new perspective for
the treatment of infected bone defects.
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Treating critical-size segmental bone defects is an arduous challenge in clinical work.
Preparation of bone graft substitutes with notable osteoinductive properties is a feasible
strategy for critical-size bone defects. Herein, a biocompatible hydrogel was designed by
dynamic supramolecular assembly of polyvinyl alcohol (PVA), sodium tetraborate
(NaoB4O7), and tetraethyl orthosilicate (TEOS). The characteristics of the
supramolecular hydrogel were evaluated by rheological analysis, swelling ratio,
degradation experiments, and scanning electron microscopy (SEM). In in vitro
experiments, this TEOS-hydrogel had self-healing property, low swelling rate,
degradability, good biocompatibility, and induced osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs) by upregulating the expression of Runx-2,
Col-1, OCN, and osteopontin (OPN). In segmental bone defect rabbit models, the TEOS-
containing hydrogel accelerated bone regeneration, thus restoring the continuity of bone
and recanalization of the medullary cavity. The abovementioned results demonstrated that
this TEOS-hydrogel has the potential to realize bone healing in critical-size segmental bone
defects.

Keywords: critical bone defect, hydrogel, BMSCs, osteogenic differentiation, bone regeneration

INTRODUCTION

The treatment of critical-size segmental bone defects caused by high-energy trauma, infection,
revision arthroplasty, and after resection of bone tumor is one of the most challenging clinical issues,
especially for patients with poor osteogenic capability (Zhang et al., 2021; Li et al., 2022). Although
autologous bone tissue possesses a certain self-healing capacity, it may still be insufficient under some
special states such as critical-size segmental bone defects (Russow et al., 2019). Once critical-size
defects occur, poorly healed bone tissues are easily found in some serious complications, for example,
non-union, bone atrophy, bone deformities, and so on (Brandi, 2013; Bottai et al., 2015). Currently,
conventional treatments like bone autografts and allografts and bone cement reconstruction have
been used to repair bone defects with primary stability and long-term regeneration; however, these
strategies also show some drawbacks (Bai et al., 2020b; Butscheidt et al., 2021; Chen et al., 2021).
Among them, bone autografts are considered the gold standard for treatment of bone defects owing

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 83

May 2022 | Volume 10 | Article 899457


http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.899457&domain=pdf&date_stamp=2022-05-09
https://www.frontiersin.org/articles/10.3389/fbioe.2022.899457/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.899457/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.899457/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.899457/full
http://creativecommons.org/licenses/by/4.0/
mailto:liuweile2006@126.com
mailto:sunchunhan@126.com
https://doi.org/10.3389/fbioe.2022.899457
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.899457

Zheng et al.

to the excellent osteoconduction, osteoinduction, and
osteogenesis in bone regeneration (Hindiskere et al., 2020).
However, some disadvantages, such as donor-site morbidity,
high cost, and long rehabilitation time, limit the application of
bone autografts (Boriani et al., 2017; Fahmy-Garcia et al., 2018;
Lim et al, 2019; Han et al., 2020). Bone allografts maintain
osteoconductivity, but the risks of immune rejection and
infection result in inferior healing and high costs increase the
economic burden, limiting its popularization (Cao et al., 2016;
Santos et al., 2019). As a synthetic alternative material for bone
tissue, bone cements have the opportunity to cause serious
complications after implantation, for instance,
biodegradation, exothermic reaction, the release of cytotoxic
monomers, and pulmonary embolism (Lewis et al., 2010; Lai
et al., 2013; Hwa et al., 2021; Nonoyama et al., 2021). Therefore,
the treatment strategy which can promote critical-size bone
defects healing efficiently and safely is of high clinical
significance to address these problems.

Alternative bioactive materials with notable osteogenic
induction effects have attracted extensive interest in bone
regeneration. Recently, TEOS, a silicon-based organic
compound, was used as a bone induction factor to induce
osteogenesis and osseointegration at the prosthesis interface
(Qiao S. et al, 2020). A series of studies have demonstrated
that silicon supplementation has a significant connection with
bone mineral density (Jugdaohsingh, 2007; Casarrubios et al.,
2020). The silicon-incorporated polymers or cements have been
explored to a great extent as materials applied in bone implants
owing to their biocompatibility and osteoinductive ability (Deng
et al, 2018; Yu et al, 2020). This inorganic biomaterial has
superior bone induction capacities but is limited to the short-
term release of the incorporated particles, and it is thus difficult to
use it to exert a long-term osteogenic effect (Zhang et al., 2016).
Hydrogels could achieve drug encapsulation and sustained
release by either chemical adaptability or a hybrid of different
polymers (Kluin et al., 2013; Li et al., 2021). Therefore, designing
combined organic-inorganic hydrogels, comprising organic
polymers and osteoconductive mineralized components, is a
potential strategy for the treatment of critical-size segmental
bone defects.

In this study, we developed a novel multifunctional hydrogel
to improve the healing efficiency of segmental bone defects
(Scheme 1). The hydrogel was prepared by dynamic
supramolecular assembly of polyvinyl alcohol (PVA), sodium
tetraborate (Na,B,0;), and tetraethyl orthosilicate (TEOS). In
addition to encapsulated osteogenic active ingredients (TEOS),
the reversible networks between Na,B,0O, and PVA form the
backbone networks of hydrogels. The hydrogels are generated
from mainly dynamic supramolecular assembly of Na,B,O; and
PVA that is attributed to the dynamic reactions of
PVA-borax-PVA. Self-healing hydrogels maintain affluent
adaptable linkages which can be decomposed and are
automatically re-combined in a dynamic convertible way,
minimizing the adverse influence on the nearby tissue and
sustaining  their  long-term  integrality = (Zhang and
Khademhosseini, 2017). At the same time, self-healing
hydrogels supply a permissive microenvironment for the

non-
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delivery of the substance. The abovementioned advantages
cause this self-healing hydrogel to be favorable for
multifunctional ingredient-loading in bone defect treatment.
The goal of this research is to evaluate the function of this
composite hydrogel in inducing osteogenesis in the critical-size
radius bone defect rabbit models. Thus, the study will provide a
novel strategy for developing bone substitutes in segmental bone
defects.

MATERIALS AND METHODS

Materials

Sodium tetraborate (Na,B40,.10H,O) was purchased from
Beijing Chemical Works (Beijing, China). PVA (=99%
hydrolyzed, Mw =130,000) and TEOS were obtained from
Sigma-Aldrich. The rabbit BMSCs were supplied by American
Type Culture Collection (ATCC, MD, United States). Low-
glucose Dulbecco’s modified Eagle’s medium (LG-DMEM),
fetal bovine serum (FBS), and streptomycin-penicillin were
obtained from Gibco  Life Technologies (CA, United States).
The Cell Counting Kit-8 (CCK-8) kit and Calcein-AM/PI
staining kit supplied by Beyotime Biotechnology
(Shanghai, China). The mediums for osteogenic differentiation
of BMSCs and Alizarin Red stain were obtained from Cyagen
Biosciences (CA, United States). Phosphate buffer (PBS) and 4%
paraformaldehyde were provided by Solarbio (Beijing, China).
The Eastep Super Total RNA Extraction Kit was purchased from
Promega (Shanghai, China), and the Perfect Real-Time RT
reagent kit was supplied by Takara Bio (Dalian, China).
Hematoxylin—eosin stain was obtained from Thermo Fisher
Scientific, MA, United States. Primary antibodies, runt-related
transcription factor-2 (Runx-2), type I collagen (Col-1),
osteocalcin (OCN), and osteopontin (OPN) were purchased
from Abcam (Cambridge, United Kingdom), and secondary
antibodies were obtained from Jackson ImmunoResearch
Laboratories (West Grove, PA, United States).

were

Preparation of Hydrogels

The multifunctional hydrogel was manufactured by the listed
protocols. Different concentration of PVA was dissolved in 10 ml
of deionized water with magnetic stirring at 90°C. Subsequently,
0.4 mmol TEOS was supplemented into the abovementioned
solution. The mixture was strongly stirred. After the
components are completely dissolved, 10 ml Na,B,0; solution
was added to the mixture under continuous stirring at 90°C for
10 min until the hybrid hydrogel was constructed. The hydrogel
consisting of PVA, Na,B,0,, and TEOS was recognized as
TEOS@Gel, while the hydrogel consisting of PVA and
Na,B,O, was abbreviated as Gel as a control.

Characterization of Hydrogels

The rheology of the hydrogels was investigated by a rheometer
(Malvern, United Kingdom). The fixture utilized a circular
parallel plate, the diameter of that was 10 mm, and the gap
was set as 1,000um. During the progression of the
experiment, to protect the gel from draining out, the hydrogel
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SCHEME 1 | lilustration of the TEOS-hydrogel enhancing critical-size segmental bone defect healing by inducing BMSC osteogenic differentiation.
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was covered with a hood to prevent water evaporation. When the
hydrogel was tested in the time sweep mode, the frequency of the
rheometer was 10 rad/s, and the strain was 0.1%. While in the
strain sweep mode, the frequency and the temperature were set as
mentioned above, and the strain was set from 1% to 100%. The
morphology of the TEOS hydrogel was observed by field emission
scanning electron microscopy (FE-SEM) (JSM-7000F, JEOL,
Tokyo, Japan) at 3kV after freeze-drying, and the obtained
images were further analyzed by Image ] software (NIH, MD,
United States).

The equilibrium cumulative ratio was evaluated by measuring
the variation in wet weight by incubating the hydrogels in PBS. In
brief, a certain amount of hydrogel (1 g) was weighed and added
to PBS, and the quantity of the initial wet hydrogel was noted as
W,. At predetermined intervals, the hydrogels were collected
from the PBS, and the weight was regarded as Wt. The swelling
rate = Wy/W, x 100%. The degradation of hydrogels was
conducted by studying the variation of the hydrogel in the dry
mass mode. Briefly, the lyophilized hydrogel (100 mg) was placed
in PBS at 37°C. At predetermined points, the residual hydrogels
were gathered, and the mass loss was recorded after
lyophilization.

Biocompatibility of Hydrogels
To investigate the biocompatibility of the prepared hydrogels, the
CCK-8 assay and dead/live staining were conducted. BMSCs were
seeded at a density of 2 x 10*/well in 24-well plates for different
treatment processes. The plates coated with Gel and TEOS/Gel
were set as the experimental groups and those without the
hydrogel were observed as the control group (abbreviated as
Ctrl). At the scheduled time points, cell proliferation was detected
by a CCK-8 assay. Briefly, 10% CCK-8 solution was added to the
samples and then incubated for 2 h at 37 C. The absorbance was
measured by a microplate reader (Multiskan EX, Thermo Fisher
Scientific, MA, United States) at 450 nm.

The cell viability was investigated by a Calcein-AM/PI kit after
3 days of incubation according to the manufacturer’s instructions.
In brief, Calcein-AM and PI were added to the samples and
incubated in the dark for 15 min at 4°C. The fluorescent images

TABLE 1 | Primer sequences of genes.

Gene Oligonucleotide
primers (5'-3')
Runx-2 F: 5’-ACTACCAGCCACCGAGACCA-3’
R: 5’-ACTGCTTGCAGCCTTAAATGACTCT-3'
Col-1 F: 5'-TCCGGCTCCTGCTCCTCTTA-3'
R: 5'-GGCCAGTGTCTCCCTTG-3’
OCN F: 5’~AGCCACCGAGACACCATGAGA-3’
R: 5’-AGCCACCGAGACACCATGAGA-3’
OPN F: 5’-GCTAAACCCTGACCCATCT-3'
F: 5'-CGTCGGATTCATTGGAGT-3’
GAPDH F: 5’-CAATGACCCCTTCATTGACC-3'

R: 5'-TGGACTCCACGACGTACTCA-3'

were observed and photographed by a confocal laser scanning
microscope (CLSM, FV1000, Olympus, Japan), and the cell
survival rates were analyzed by Image] software according to
the proportion of live cells.

In Vitro Osteogenic Induction of Hydrogels
To evaluate the osteogenic differentiation ability of the TEOS-
hydrogel, BMSCs were seeded into the 24-well plates at a density
of 5 x 10* cells/well. After incubation for 24 h, the medium was
changed by the osteogenic induction medium, including LG-
DMEM along with B-glycerol-phosphate (10 mM), ascorbate-2-
phosphate (50 uM), and dexamethasone (0.1 uM). After 14 and
21 days of osteogenic induction culture, Alizarin Red staining was
performed to evaluate the cell mineralization by observing the
calcium nodule deposition. Subsequently, 10% cetylpyridinium
chloride was added to the samples to dissolve the mineralized
nodules for further semi-quantitative analysis by a microplate
reader at 562 nm.

Real Time-qPCR

The expression of genes involved in osteogenic differentiation
was determined by real-time quantitative PCR (RT-qPCR),
including Runx-2, Col-1, OCN, and OPN, in the BMSCs at 14
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and 21 days after osteogenic induction and bone tissues. The
primers sequences are listed in Table 1. Total RNA was collected
by TRIzol reagent. Synthesis of cDNA was performed using an
Eastep Super Total RNA Extraction Kit according to the
manufacturer’s instructions. An A260/A280 value of approximate
2.0 was generally accepted for further analysis. The amplification and
performance of RT-qPCR were carried out by adopting 2x Fast SYBR
Green Master Mix (Roche Diagnostics, Basel, Switzerland) and
detected by a LightCycler 480 (Roche Diagnostics). The relative
mRNA expression was normalized by GAPDH and calculated
according to the formula of the 27**“" method. For RT-qPCR of
the bone, tissues were collected and quickly placed in a mortar
precooled with liquid nitrogen and repeatedly ground to powder in
liquid nitrogen for RT-qPCR as previously described.

Immunofluorescence

After  21days of  osteogenic  induction  culture,
immunofluorescence was conducted to investigate the Runx-
2, Col-1, OCN, and OPN expression. Briefly, the cell samples
were fixed with 4% paraformaldehyde for 20 min and then
permeabilized with 0.1% Triton X-100 solution for 5 min.
After that, nonspecific binding was blocked with 3% BSA for
30 min. The samples were incubated with primary antibodies,
including anti-Runx-2 (1:100), anti-Col-1 (1:250), anti-OCN (1:
200), and anti-OPN (1:250) overnight at 4°C. The samples were
then washed with PBS three times and treated with the
secondary antibody for 5h. Goat anti-rabbit IgG and goat
anti-mouse IgG conjugated to fluorescein isothiocyanate were
added at a dilution of 1:200 and incubated. The negative control
samples were not subjected to primary antibody incubation.
After being washed with PBS three times, the nucleus was
stained with DAPI. Finally, the fluorescence intensity of the
cells was observed with a CLSM.

Establishment of Critical-Size Bone Defect
Models

A total of 36 New Zealand white rabbits (female, six months
old) were selected to prepare the infected radius fracture
models. The critical-size segmental radial bone defect
models were prepared under general anesthesia with 3% (w/
v) pentobarbital at the dose of 50 mg/kg. After preoperative
preparation, the left lateral radial incision was selected to
expose the tissue layer by layer. When the bony surface of
the left radius was exposed, a 15- mm segmental bone defect
was prepared by a bone drill. The periosteum around the ends
of the defect was excised to prevent ossification. Then, the
defects were rinsed, and the animals were divided into three
groups, namely, the control group without hydrogel
implantation, the Gel group with 500 ul hydrogel, and the
TEOS/Gel group with 500 ul TEOS-hydrogel. Finally, the
incisions were sutured layer by layer, and the animals were
injected intramuscularly with penicillin (1.5 mg/kg) for 3
consecutive days to prevent infection.

At 6 and 12 weeks after surgery, the rabbits were euthanized by
intravenous injection of pentobarbital sodium (120 mg/kg). The
left radius samples were collected for sequential studies.

Segmental Bone Defect Repair

Micro-CT

To evaluate the bone regenerative efficiency, the bone tissues were
scanned by Micro-CT (SkyScan 1076 scanner, Bruker, Belgium)
in a high-resolution scanning mode with a pixel size of 18 um.
Subsequently, quantitative morphometric analysis of bone
volume/tissue volume ratio (BV/TV, %) of the original defect
region, regarded as the region of interest, was analyzed by micro-
CT auxiliary software (NRecon version 1.6.6).

Histological Evaluation

All  collected radius samples fixed with 4%
paraformaldehyde for 1week and then decalcified in Morse’s
solution for another 5 weeks. The samples were dehydrated in
graded ethanol series, paraffin-embedded, and sectioned to 5-pm
thickness slices. Hematoxylin and eosin (H&E) staining was
conducted to observe new bone formation.

In addition, immunofluorescence staining was performed to
detect the expression of Runx-2, Col-1, OCN, and OPN in the
regenerative tissues. Briefly, the slices were washed with PBS and
blocked with 3% BSA in PBS containing 0.2% Triton X-100 for
60 min. Subsequently, the slices were incubated with primary
antibodies, 1:200 Runx-2 anti-mouse polyclonal antibody along
with 1:250 Col-1 anti-rabbit monoclonal antibody and 1:150
OCN anti-mouse polyclonal antibody along with 1:200 OPN
anti-rabbit polyclonal antibody overnight at 4°C. After washing
with PBS three times, the slices were then incubated with 1:
600 Cy3-conjugated goat anti-rabbit or 1:800 goat anti-mouse
IgG DyLight 488-conjugated secondary antibodies for 1 h at 37°C.
The nuclei were stained with DAPI (1:600) and observed
by CLSM.

were

Statistical Analysis

All results were calculated as mean + standard deviation (SD).
Comparisons among groups were analyzed with one-way
ANOVA followed by Tukey’s post hoc test using SPSS 19.0
(SPSS Inc., Chicago, IL, United States). P < 0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

Preparation and Characterization of

Hydrogels
The preparation strategy of the hydrogels is shown in Figure 1A.
Completely dissolved PVA and TEOS were added into the
Na,B,0, solution at 90°C. Subsequently, the temperature was
decreased to 25°C to complete the sol-gel transition rapidly. The
hydrogels were designed by dynamic supramolecular assembly of
Na,B,0,, PVA, and TEOS. The microstructures of the prepared
hydrogels were observed by SEM, and the images showed that the
lyophilized hydrogels had an interconnected porous structure
(Figure 1B). These interconnected nanochannels benefit oxygen
and nutrient transport, thus promoting cell communication and
improving cell survival, which is valuable for biological
applications (Kumar et al., 2018).

The mechanical properties of hydrogels can be adjusted by
changing the proportion of crosslinking components. The gel
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FIGURE 1 | Preparation and characterization of hydrogels. (A) Photographs of the gelation progress. The mixture of the prepared PVA and TEOS solution was
presented in the sol state, and it experienced sol-gel transition after adding Na,B,O- solution. (B) SEM observation of prepared hydrogels. (C) Storage modulus and loss
modulus of prepared hydrogels as the concentration of PVA increased from 5 to 15 wt%. (D) Storage modulus and loss modulus of prepared hydrogels as the
concentration of Na,B4O7 increased from 0.05 to 0.20 mmol. (E) Strain amplitude sweep of the hydrogel. (F) Step strain measurements of the hydrogel with a fixed
frequency of 1 rad/s, and the macroscopic observation of self-healing property. (G) Equilibrium swelling ratio. (H) /n vitro degradation (the tested hydrogel formula is
10 wt% PVA, 0.20 mmol Nay,B4O7, 0.4 mmol TEOS).

dynamics of hydrogels with different concentrations were
monitored by recording the storage modulus (G') and loss
modulus (G”) in the time scan mode. According to the
rheological analysis, the results indicated that along with the
PVA and Na,B,O, content increase, the G’ and G” of the
hydrogels increased correspondingly (Figures 1C,D). On the
contrary, the concentration of TEOS had little effect on the
dynamic properties of the hydrogels. As shown in Figure 1E,
rheological performances of the prepared hydrogels were
detected under the strain scan mode (0.01%-100%). In the
low-strain area, both G’ and G” are maintained at a constant
value. Along with the strain increase, the G’ and G" curves
intersected at a strain of 15.8%, which was the required critical
strain value to destruct the hydrogel network. In addition, based
on the strain amplitude scanning results, the self-healing property
of hydrogels was observed by continuous variation of shear
strains (1% and 100%). As exhibited in Figure 1F, G” was
higher than G’ at higher shear strains (100%) indicating that
the hydrogels were destroyed. Soon afterward, when the shear

strain dropped to 1%, G’ and G" almost completely recovered to
the initial value, showing that the hydrogel network structure was
restored. This repeatable process proved that this hydrogel has a
durable self-healing property. For macroscopic observation, the
hydrogels were physically cut into two halves, and two separate
hydrogels can be reassembled into one whole in 30 min, displayed
in the lower right of Figure 1F. This excellent self-healing feature
is attributed to the dynamic characteristics of boronate formation
between the Na,B,0, and PVA. Self-healing hydrogels have
affluent adaptable linkages that can be broken and reconnect
automatically in the form of dynamic reversibility to minimize
adverse effects on the surrounding tissue and maintain their long-
term integrity.

Then, the swelling performance of the hydrogels was
investigated in PBS and shown in Figure 1G. The
hydrogels reached swelling equilibrium at about 20 min,
and the maximum swelling rate of the hydrogels was about
7%. Moreover, in the process of the swelling test, the
hydrogels maintained its initial shape without destruction.
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FIGURE 2 | Biocompatibility of the prepared hydrogels. (A) Cell proliferation rate at days 1, 4, and 7. (B) Calcein AM/PI staining of BMSCs at day 3. (C) Quantitative

This physical and chemical stability made the hydrogels an
ideal implant for in vivo application. The degradation
property of materials is also another critical factor for
transplantation. According to the measurement of the
change of dry weight of the hydrogels, we found that the
hydrogels could degrade completely within 36 days
(Figure 1H).

Biocompatibility of Hydrogels

The biocompatibility of hydrogels is the prerequisite for their
biomedical applications. The cell proliferation and viability of
BMSCs cultured in the hydrogels were revealed by CCK-8 detection
and Calcein-AM/PI staining. The results indicated that BMSCs in the
control, Gel, and TEOS/Gel groups proliferated gradually without
statistical difference among the groups on days 4 and 7 (Figure 2A),
indicating that the TEOS hydrogel did not have any negative effect on
the proliferation of BMSCs. The pictures of Calcein AM/PI staining
demonstrated that the BMSCs maintained good cell viability in all
groups on day 3 (Figure 2B). Furthermore, the cell survival rate of
BMSC:s in the control, Gel, and TEOS/Gel groups was 94.1 + 1.6%,
92.6 +0.7%, and 93.5 + 0.9%, respectively, and there was no significant
difference among the groups (Figure 2C). The abovementioned
results demonstrated that our hydrogels had good biocompatibility
for BMSCs and had wide application prospects in tissue engineering.

Tetraethyl Orthosilicate Hydrogel Induced
Bone Marrow Mesenchymal Stem Cell

Osteogenic Differentiation

In addition to the biocompatibility of the materials, the capacity
of inducing BMSC osteogenic differentiation is a crucial factor for
the initiation of bone formation. The deposition of calcium
nodules is a hallmark event of osteogenic differentiation of
BMSCs, which can be observed by Alizarin Red dye (Bai et al,,
2020a). As indicated in Figure 3A, gross images showed that
more calcium nodules were observed in the TEOS/Gel group than
in the control group and Gel group on the 14th and 21st days.
More precisely, semi-quantitative analysis was used to further
demonstrate that the absorbance in the TEOS/Gel group was
significantly higher than that in the control group and Gel group

(p < 0.05, Figure 3B). These results indicated that the TEOS
hydrogel enhanced the deposition of mineralized nodules. In
addition, to investigate the influence of the TEOS hydrogel on
osteogenic differentiation at the gene level, the expression of some
crucial osteogenic-related genes, including Runx-2, Col-1, OCN,
and OPN, was analyzed by RT-qPCR. The upregulation of Runx-2
expression is a key event in the early osteogenic differentiation
process, which can activate the expression of OCN and OPN
(Sivashanmugam et al., 2017). As displayed in Figure 3C, the
expression of Runx-2 in the TEOS/Gel group was 1.9-fold and
1.8-fold on the 14th day and 1.6-fold and 1.4-fold on the 21st day,
higher than that in the control group and Gel group, respectively
(p < 0.05). Similarly, the expression of Col-1, OCN, and OPN in
the TEOS/Gel group was significantly upregulated than that in
the control group and Gel group (Figures 3D-F).

In addition, to investigate the function of the TEOS hydrogel
on the expression of osteogenic differentiation at the protein level,
protein markers (Runx-2, Col-1, OCN, and OPN) were stained by
double immunofluorescence after 21 days of osteogenic induction
culture (Figure 4A). As shown inFigures 4B-E, quantitative
analysis of the fluorescence of osteogenic-related markers
revealed that the intensity in the TEOS/Gel group was
significantly enhanced than that of the control group (p <
0.05) and Gel group (p < 0.05).

Owing to the positive role of silicon in inducing bone
regeneration, various silicon-based bone substitutes (such as
nano silicates, silicon dioxide, etc.) have been widely studied and
developed as potential orthopedic implants (Carlisle, 1970). It is
of importance that a series of studies have demonstrated that the
bioactive Si ions can enhance cell proliferation and promote
stem cell osteogenic differentiation (Wang et al., 2013).
Incorporating Si ions into bone tissue engineering
biomaterials significantly upregulated angiogenic factor
expression and induced osteogenic differentiation of BMSCs
(Sun et al., 2018). Herein, the TEOS hydrogel was prepared, and
the osteogenic induction capacity was investigated. The results
demonstrated that our TEOS hydrogel could significantly
enhance calcium nodule deposition and upregulate
osteogenesis-related marker expression, thus inducing BMSC
osteogenic differentiation.
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FIGURE 3 | TEOS hydrogel induces BMSC osteogenic differentiation. (A) Gross images of Alizarin Red staining. (B) Semi-quantitative analysis of Alizarin Red
staining. (C-F) mMRNA expression levels of osteogenic-related genes, including Runx-2, Col-1, OCN, and OPN, in BMSCs after osteogenic induction for 14 and 21 days
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Tetraethyl Orthosilicate Hydrogel Promoted

Critical-Size Segmental Bone Defect Repair
Severe trauma, bone tumors, congenital malformation, or
extensive infection of bone tissue can be the causes of
critical-size bone defects. A critical-size bone defect is defined
as an orthotropic intraosseous wound that does not self-heal
without additional surgical intervention (Van Houdt et al., 2021).
The repair of critical-size segmental bone defects is still a great
challenge in clinic. Over the past decades, different types of
synthetic bone grafts have been developed, of which
particularly calcium phosphate (CaP) and hydroxyapatite-
based bone substitutes have shown great potential (Zhao R.
et al, 2020; Zhao Y. et al,, 2020; Chae et al,, 2021; Liu et al,,
2021; He et al., 2022). In view of increased demands for synthetic
bone grafts with advantageous properties, we designed a self-
healing hydrogel consisting of PVA, Na,B,0;, and TEOS. In this
study, micro-CT was conducted during the 6th and 12th weeks
after surgery to investigate the efficacy of the TEOS hydrogel on
bone healing in critical-size bone defects. As displayed in
Figure 5A, the TEOS hydrogel induced bone healing and
restored the defects in a time-dependent manner. Obvious
bone regeneration was observed at the 6th week, and the
defects almost healed at the 12th week after transplantation in
the TEOS/Gel group. However, in the control group and Gel
group, limited bone regeneration, bone discontinuity, and non-
union can be observed at the defects. To further quantify bone
repair in the defects, the area of critical-size segmental bone
defects was regarded as the region of interest to analyze the
regenerated bone mass by Micro-CT software. The bone volume/
total volume (BV/TV) values of the control, Gel, and TEOS/Gel
groups were 10.9 * 3.2%, 12.4 + 3.0%, and 20.8 + 1.9% during the

6th week and 19.5 + 3.9%, 20.2 + 3.5%, and 34.6 + 4.2% during the
12th week, respectively (Figure 5B). Furthermore, H&E staining
was performed to further observe the regenerated bone. As
exhibited in Figure 5C, the histological observation was
consistent with that of Micro-CT analysis, which indicated
that the absence of bony bridge formation was in the area of
the defects in the control group and Gel group. Moreover, the
TEOS/Gel transplantation achieved satisfactory bone repair effect
and recanalization of the medullary cavity. The abovementioned
radiological evaluation and histological observation indicated
that the critical-size segmental bone defects were difficult to
self-regenerate  effectively ~without additional treatment
intervention, but TEOS hydrogel with fascinating
osteogenic induction function can significantly promote bone
repair.

our

Tetraethyl Orthosilicate Hydrogel Enhanced
Osteogenic-Related Marker Expression In
Vivo

To investigate the in vivo mechanism of the TEOS hydrogel
promoting bone healing, we collected bone tissue for RT-qPCR
detection and immunofluorescence of osteogenesis-related
markers. Runx-2 is a member of the Runx family of
transcription factors and is also one of the earliest indications
of osteoblastic differentiation. Runx-2 can induce the expression
of key osteogenic genes such as OCN and OPN (Bai et al., 2020b).
Col-1 is another critical osteogenic differentiation gene. The
reticular structure formed by Col-1 is not only the premise of
realizing the mineralization function of osteoblasts but also an
important index reflecting the bone formation ability (Zhao Y.
et al., 2020). OCN and OPN are bone-specific proteins
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synthesized by osteoblasts and recognized as a marker to assess
osteogenic maturation and bone formation, and it shows the
highest level during the late stage of osteogenesis (Qiao Y. et al,
2020; Kim et al,, 2021). The expression of Runx-2, Col-1, OCN,
and OPN at the transcriptional level in the TEOS/Gel group was
significantly upregulated compared with that of the control group
and Gel group in the regenerated bone tissues (Figures 6A-D).
Moreover, immunofluorescence was performed to further reveal the
expression of osteogenic differentiation markers in the regenerated
bone tissues at the translation level (Figure 6E). Quantitative analysis
of the immunofluorescence images indicated that the fluorescence
intensity of Runx-2, Col-1, OCN, and OPN in each group had the
same trend as the expression at the gene level (Figures 6F-I). These
abovementioned results demonstrated that transplantation of the
TEOS hydrogel to the critical-size segmental bone defects can
promote the upregulation of osteogenic markers.

In general, materials with osteogenic induction capacity are
considered potential complementary components in implants to
obtain better bone regeneration outcomes (Huang et al, 2016).
Silicon is one of the essential trace elements in the human body,

which shows a critical role in bone development and repair. Si is
widely distributed in organelles such as mitochondria and acts as a
cross-linking agent for collagen and proteoglycans, thus inducing Col-
1 secretion and enhancing mineralization in the early stage of bone
regeneration (He et al,, 2018). In addition, Si ions can regulate the
interaction between cells and induce stem cell migration and
differentiation to promote osteogenesis and angiogenesis (Wang
et al,, 2018). Taking into account the critical function of Si in bone
regeneration, the application of Si in hydrogel design is highly valued.
In our study, the silicon-containing TEOS hydrogel can induce
osteogenic differentiation of BMSCs and promote critical-size
segmental bone defect repair in vivo by upregulating osteogenic-
related markers, including Runx-2, Col-1, OCN, and OPN.

CONCLUSION

We prepared a functional hydrogel with satisfactory osteogenic
effects through the dynamic supramolecular assembly of PVA,
Na,B,0, and TEOS, as bone substitutes. This TEOS hydrogel has

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

91

May 2022 | Volume 10 | Article 899457


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zheng et al.

adjustable mechanical properties, self-healing capacity,
degradability, and biocompatibility, and it promotes BMSC
osteogenic differentiation. Above all, the TEOS hydrogel
significantly promotes bone healing in critical-size segmental
bone defects. Therefore, it is anticipated that the TEOS
hydrogel may have potential applications in the management
of critical-size segmental bone defects.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use Ethics Committee of Guangdong Medical University.

REFERENCES

Bai, H., Cui, Y., Wang, C., Wang, Z., Luo, W, Liu, Y., et al. (2020a). 3D Printed
Porous Biomimetic Composition Sustained Release Zoledronate to Promote
Osteointegration of Osteoporotic Defects. Mater. Des. 189, 108513. doi:10.
1016/j.matdes.2020.108513

Bai, H., Zhao, Y., Wang, C., Wang, Z., Wang, J., Liu, H,, et al. (2020b). Enhanced
Osseointegration of Three-Dimensional Supramolecular Bioactive Interface
through Osteoporotic Microenvironment Regulation. 10,
4779-4794. doi:10.7150/thno.43736

Boriani, F., Fazio, N., Fotia, C., Savarino, L., Nicoli Aldini, N., Martini, L., et al.
(2017). A Novel Technique for Decellularization of Allogenic Nerves and In
Vivo Study of Their Use for Peripheral Nerve Reconstruction. J. Biomed. Mater.
Res. 105, 2228-2240. doi:10.1002/jbm.a.36090

Bottai, V., Dell’osso, G., Celli, F., Bugelli, G., Cazzella, N., Cei, E., et al. (2015). Total
Hip Replacement in Osteoarthritis: the Role of Bone Metabolism and its
Complications. ccmbm 12, 247-250. doi:10.11138/ccmbm/2015.12.3.247

Brandi, M. L. (2013). Healing of the Bone with Anti-fracture Drugs. Expert Opin.
Pharmacother. 14, 1441-1447. doi:10.1517/14656566.2013.801959

Butscheidt, S., Von Kroge, S., Sturznickel, J., Beil, F. T., Gehrke, T, Puschel, K., et al.
(2021). Allograft Chip Incorporation in Acetabular Reconstruction: Multiscale
Characterization Revealing Osteoconductive Capacity. J. Bone Joint. Surg. Am.
103, 1996-2005. doi:10.2106/JBJS.20.01943

Cao, H., Guan, H,, Lai, Y., Qin, L., and Wang, X. (2016). Review of Various
Treatment Options and Potential Therapies for Osteonecrosis of the Femoral
Head. J. Orthopaedic Translation 4, 57-70. doi:10.1016/j.jot.2015.09.005

Carlisle, E. M. (1970). Silicon: a Possible Factor in Bone Calcification. Science 167,
279-280. doi:10.1126/science.167.3916.279

Casarrubios, L., Gomez-Cerezo, N., Sanchez-Salcedo, S., Feito, M. J., Serrano, M.
C., Saiz-Pardo, M., et al. (2020). Silicon Substituted Hydroxyapatite/VEGF
Scaffolds Stimulate Bone Regeneration in Osteoporotic Sheep. Acta Biomater.
101, 544-553. doi:10.1016/j.actbio.2019.10.033

Chae, S., Hong, J., Hwangbo, H., and Kim, G. (2021). The Utility of Biomedical
Scaffolds Laden with Spheroids in Various Tissue Engineering Applications.
Theranostics 11, 6818-6832. doi:10.7150/thno.58421

Chen, Q., Zou, B., Lai, Q., Wang, Y., Zhu, K., Deng, Y., et al. (2021). 3D Printing
and Osteogenesis of Loofah-like Hydroxyapatite Bone Scaffolds. Ceramics Int.
47, 20352-20361. doi:10.1016/j.ceramint.2021.04.043

Deng, C., Zhu, H,, Li, J., Feng, C., Yao, Q., Wang, L., et al. (2018). Bioactive
Scaffolds for Regeneration of Cartilage and Subchondral Bone Interface.
Theranostics 8, 1940-1955. doi:10.7150/thno.23674

Theranostics

Segmental Bone Defect Repair

AUTHOR CONTRIBUTIONS

SZ, HZ, and HC: Conceptualization, Investigation, Writing
original draft, and Manuscript revision. XL: Data curation,
Visualization, and Writing original draft. GZ and TC:
Conceptualization, ~Methodology. ~YZ: Data  curation,
Investigation. WL and CS: Supervision, Writing—review &
editing.

FUNDING

This work was supported by the Foundation of Huizhou
Priority Clinical Speciality Cultivation Project ([2018]885),
the Foundation of Huizhou Priority Clinical Speciality
Cultivation Project ([2019]462), the Scientific Research
Projects of Guangdong Provincial Bureau of Traditional
Chinese Medicine (20221400 and 20222241), and the
Research and Innovation Fund of Huizhou First Hospital
(2021JC001).

Fahmy-Garcia, S., Van Driel, M., Witte-Buoma, J., Walles, H., Van Leeuwen,
J. P. T. M., Van Osch, G. J. V. M., et al. (2018). NELL-1, HMGBI1, and
CCN2 Enhance Migration and Vasculogenesis, but Not Osteogenic
Differentiation Compared to BMP2. Tissue Eng. A 24, 207-218. doi:10.
1089/ten.tea.2016.0537

Han, S., Park, B., Lim, J.-W., Youm, J.-Y., Choi, S.-W., Kim, D. H., et al. (2020).
Comparison of Fusion Rate between Demineralized Bone Matrix versus
Autograft in Lumbar Fusion : Meta-Analysis. J. Korean Neurosurg. Soc. 63,
673-680. doi:10.3340/jkns.2019.0185

He, X., Zhang, X., Li, J., Hang, R,, Huang, X., Yao, X,, et al. (2018). Titanium-based
Implant Comprising a Porous Microstructure Assembled with Nanoleaves and
Controllable Silicon-Ion Release for Enhanced Osseointegration. J. Mater.
Chem. B 6, 5100-5114. doi:10.1039/c8tb00713f

He, Y., Tian, M., Li, X,, Hou, J., Chen, S., Yang, G,, et al. (2022). A Hierarchical-
Structured Mineralized Nanofiber Scaffold with Osteoimmunomodulatory and
Osteoinductive Functions for Enhanced Alveolar Bone Regeneration. Adv.
Healthc. Mater. 11 3, 2102236. doi:10.1002/adhm.202102236

Hindiskere, S., Doddarangappa, S., and Chinder, P. S. (2020). What Are the
Challenges and Complications of Sterilizing Autografts with Liquid Nitrogen
for Malignant Bone Tumors? A Preliminary Report. Clin. Orthop. Relat. Res.
478, 2505-2519. doi:10.1097/corr.0000000000001347

Huang, Q., Elkhooly, T. A,, Liu, X., Zhang, R., Yang, X., Shen, Z,, et al. (2016).
Effects of Hierarchical Micro/nano-Topographies on the Morphology,
Proliferation and Differentiation of Osteoblast-like Cells. Colloids Surf. B:
Biointerfaces 145, 37-45. doi:10.1016/j.colsurtb.2016.04.031

Hwa, T. P., Luu, N., Henry, L. E., Naples, J. G., Kaufman, A. C,, Brant, J. A,, et al.
(2021). Impact of Reconstruction with Hydroxyapatite Bone Cement on CSF
Leak Rate in Retrosigmoid Approach to Vestibular Schwannoma Resection: A
Review of 196 Cases. Otology & Neurotology 42, 918-922. doi:10.1097/mao.
0000000000003072

Jugdaohsingh, R. (2007). Silicon and Bone Health. J. Nutr. Health Aging 11,
99-110. doi:10.1016/j.jneb.2006.09.001

Kim, H. D., Hong, X, An, Y. H,, Park, M. ], Kim, D. G,, Greene, A. K,, et al. (2021).
A Biphasic Osteovascular Biomimetic Scaffold for Rapid and Self-Sustained
Endochondral Ossification. Adv. Healthc. Mater. 10, €2100070. doi:10.1002/
adhm.202100070

Kluin, O. S, Van Der Mei, H. C., Busscher, H. J., and Neut, D. (2013).
Biodegradable vs Non-biodegradable Antibiotic Delivery Devices in the
Treatment of Osteomyelitis. Expert Opin. Drug Deliv. 10, 341-351. doi:10.
1517/17425247.2013.751371

Kumar, A, Nune, K. C, and Misra, R. D. K. (2018). Design and Biological
Functionality of a Novel Hybrid Ti-6 A L-4 V/hydrogel System for

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

92

May 2022 | Volume 10 | Article 899457


https://doi.org/10.1016/j.matdes.2020.108513
https://doi.org/10.1016/j.matdes.2020.108513
https://doi.org/10.7150/thno.43736
https://doi.org/10.1002/jbm.a.36090
https://doi.org/10.11138/ccmbm/2015.12.3.247
https://doi.org/10.1517/14656566.2013.801959
https://doi.org/10.2106/JBJS.20.01943
https://doi.org/10.1016/j.jot.2015.09.005
https://doi.org/10.1126/science.167.3916.279
https://doi.org/10.1016/j.actbio.2019.10.033
https://doi.org/10.7150/thno.58421
https://doi.org/10.1016/j.ceramint.2021.04.043
https://doi.org/10.7150/thno.23674
https://doi.org/10.1089/ten.tea.2016.0537
https://doi.org/10.1089/ten.tea.2016.0537
https://doi.org/10.3340/jkns.2019.0185
https://doi.org/10.1039/c8tb00713f
https://doi.org/10.1002/adhm.202102236
https://doi.org/10.1097/corr.0000000000001347
https://doi.org/10.1016/j.colsurfb.2016.04.031
https://doi.org/10.1097/mao.0000000000003072
https://doi.org/10.1097/mao.0000000000003072
https://doi.org/10.1016/j.jneb.2006.09.001
https://doi.org/10.1002/adhm.202100070
https://doi.org/10.1002/adhm.202100070
https://doi.org/10.1517/17425247.2013.751371
https://doi.org/10.1517/17425247.2013.751371
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zheng et al.

Reconstruction of Bone Defects. J. Tissue Eng. Regen. Med. 12, 1133-1144.
doi:10.1002/term.2614

Lai, P.-L., Chu, I.-M.,, Chen, L.-H., and Chen, W.-J. (2013). Chemical and Physical
Properties of Bone Cement for Vertebroplasty. Biomed. J. 36, 162-167. doi:10.
4103/2319-4170.112750

Lewis, G., Towler, M. R,, Boyd, D., German, M. J., Wren, A. W, Clarkin, O. M.,
et al. (2010). Evaluation of Two Novel Aluminum-free, Zinc-Based Glass
Polyalkenoate Cements as Alternatives to PMMA Bone Cement for Use in
Vertebroplasty and Balloon Kyphoplasty. J. Mater. Sci. Mater. Med. 21, 59-66.
doi:10.1007/s10856-009-3845-7

Li, Z,, Zhao, Y., Liu, H., Ren, M., Wang, Z., Wang, X,, et al. (2021). pH-Responsive
Hydrogel Loaded with Insulin as a Bioactive Dressing for Enhancing Diabetic
Wound Healing. Mater. Des. 210. doi:10.1016/j.matdes.2021.110104

Li, Z., Zhao, Y., Wang, Z., Ren, M., Wang, X, Liu, H., et al. (2022). Engineering
Multifunctional Hydrogel-Integrated 3D Printed Bioactive Prosthetic
Interfaces for Osteoporotic Osseointegration. Adv Healthc Mater. 11,
€2102535. doi:10.1002/adhm.202102535

Lim, Z. X. H., Rai, B., Tan, T. C., Ramruttun, A. K., Hui, J. H., Nurcombe, V., et al.
(2019). Autologous Bone Marrow Clot as an Alternative to Autograft for Bone
Defect Healing. Bone Jt. Res. 8, 107-117. doi:10.1302/2046-3758.83.bjr-2018-
0096.r1

Liu, L., Shang, Y., Li, C, Jiao, Y., Qiu, Y., Wang, C,, et al. (2021). Hierarchical
Nanostructured  Electrospun ~ Membrane  with  Periosteum-Mimic
Microenvironment for Enhanced Bone Regeneration. Adv. Healthc. Mater.
10 21, 2101195. doi:10.1002/adhm.202101195

Nonoyama, T., Wang, L., Tsuda, M., Suzuki, Y., Kiyama, R, Yasuda, K., et al.
(2021). Isotope Microscopic Observation of Osteogenesis Process Forming
Robust Bonding of Double Network Hydrogel to Bone. Adv. Healthc. Mater. 10,
€2001731. doi:10.1002/adhm.202001731

Qiao, S., Wu, D, Li, Z., Zhu, Y., Zhan, F., Lai, H., et al. (2020). The Combination of
Multi-Functional Ingredients-Loaded Hydrogels and Three-Dimensional
Printed Porous Titanium Alloys for Infective Bone Defect Treatment.
J. Tissue Eng. 11, 2041731420965797. doi:10.1177/2041731420965797

Qiao, Y., Liu, X,, Zhou, X., Zhang, H., Zhang, W., Xiao, W, et al. (2020). Gelatin
Templated Polypeptide Co-cross-linked Hydrogel for Bone Regeneration. Adyv.
Healthc. Mater. 9, €1901239. doi:10.1002/adhm.201901239

Russow, G., Jahn, D., Appelt, J., Mardian, S., Tsitsilonis, S., and Keller, J. (2019).
Anabolic Therapies in Osteoporosis and Bone Regeneration. Int. J. Mol. Sci. 20,
010083. doi:10.3390/ijms20010083

Santos, I. G. B. P., Santana, C. M. M., Alves, A. T. N. N., Uzeda, M. J. P. G,,
Calasans-Maia, M. D., and Santana, R. B. (2019). Effects of Methods of
Hydration of a Biphasic Ceramic Graft on Bone Regeneration of Extraction
Socket Defects. J. Periodontol. 90, 425-432. doi:10.1002/jper.18-0209

Sivashanmugam, A., Charoenlarp, P., Deepthi, S., Rajendran, A., Nair, S. V., Iseki, S., et al.
(2017). Injectable Shear-Thinning CaSO(4)/FGF-18-Incorporated Chitin-PLGA
Hydrogel Enhances Bone Regeneration in Mice Cranial Bone Defect Model. ACS
Appl. Mater. Inter. 9, 42639-42652. doi:10.1021/acsami.7b15845

Sun, W, Zhou, Y., Zhang, X., Xia, W., Xu, Y., and Lin, K. (2018). Injectable Nano-
Structured Silicon-Containing Hydroxyapatite Microspheres with Enhanced
Osteogenic Differentiation and Angiogenic Factor Expression. Ceramics Int. 44,
20457-20464. doi:10.1016/j.ceramint.2018.08.040

Segmental Bone Defect Repair

Van Houdt, C. I. A,, Koolen, M. K. E,, Lopez-Perez, P. M., Ulrich, D. J. O., Jansen,
J. A., Leeuwenburgh, S. C. G,, et al. (2021). Regenerating Critical Size Rat
Segmental Bone Defects with a Self-Healing Hybrid Nanocomposite Hydrogel:
Effect of Bone Condition and BMP-2 Incorporation. Macromol Biosci. 21,
€2100088. doi:10.1002/mabi.202100088

Wang, C, Lin, K., Chang, J., and Sun, J. (2013). Osteogenesis and Angiogenesis
Induced by Porous p-CaSiO(3)/PDLGA Composite Scaffold via Activation of
AMPK/ERK1/2 and PI3K/Akt Pathways. Biomaterials 34, 64-77. doi:10.1016/j.
biomaterials.2012.09.021

Wang, X., Gao, L., Han, Y., Xing, M., Zhao, C., Peng, J., et al. (2018). Silicon-
Enhanced Adipogenesis and Angiogenesis for Vascularized Adipose Tissue
Engineering. Adv. Sci. (Weinh) 5, 1800776. doi:10.1002/advs.201800776

Yu, M., Du, Y., Han, Y., and Lei, B. (2020). Biomimetic Elastomeric Bioactive
Siloxane-Based Hybrid Nanofibrous Scaffolds with miRNA Activation: A Joint
Physico-Chemical-Biological Strategy for Promoting Bone Regeneration. Adv.
Funct. Mater. 30, 1906013. doi:10.1002/adfm.201906013

Zhang, C., Zhang, T., Geng, T., Wang, X,, Lin, K., and Wang, P. (2021). Dental
Implants Loaded with Bioactive Agents Promote Osseointegration in
Osteoporosis: A Review. Front. Bioeng. Biotechnol. 9, 591796. doi:10.3389/
fbioe.2021.591796

Zhang, S., Guo, Y., Dong, Y., Wu, Y., Cheng, L., Wang, Y., et al. (2016). A Novel
Nanosilver/Nanosilica Hydrogel for Bone Regeneration in Infected Bone
Defects. ACS Appl. Mater. Inter. 8, 13242-13250. doi:10.1021/acsami.6b01432

Zhang, Y. S., and Khademhosseini, A. (2017). Advances in Engineering Hydrogels.
Science 356, eaaf3627. doi:10.1126/science.aaf3627

Zhao R, R,, Chen, S., Zhao, W., Yang, L., Yuan, B, Ioan, V. S, et al. (2020). A
Bioceramic Scaffold Composed of Strontium-Doped Three-Dimensional
Hydroxyapatite Whiskers for Enhanced Bone Regeneration in Osteoporotic
Defects. Theranostics 10, 1572-1589. doi:10.7150/thno.40103

Zhao Y, Y., Li, Z,, Jiang, Y., Liu, H., Feng, Y., Wang, Z., et al. (2020). Bioinspired
mineral Hydrogels as Nanocomposite Scaffolds for the Promotion of
Osteogenic Marker Expression and the Induction of Bone Regeneration in
Osteoporosis. Acta Biomater. 113, 614-626. doi:10.1016/j.actbio.2020.06.024

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zheng, Zhong, Cheng, Li, Zeng, Chen, Zou, Liu and Sun. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

93

May 2022 | Volume 10 | Article 899457


https://doi.org/10.1002/term.2614
https://doi.org/10.4103/2319-4170.112750
https://doi.org/10.4103/2319-4170.112750
https://doi.org/10.1007/s10856-009-3845-7
https://doi.org/10.1016/j.matdes.2021.110104
https://doi.org/10.1002/adhm.202102535
https://doi.org/10.1302/2046-3758.83.bjr-2018-0096.r1
https://doi.org/10.1302/2046-3758.83.bjr-2018-0096.r1
https://doi.org/10.1002/adhm.202101195
https://doi.org/10.1002/adhm.202001731
https://doi.org/10.1177/2041731420965797
https://doi.org/10.1002/adhm.201901239
https://doi.org/10.3390/ijms20010083
https://doi.org/10.1002/jper.18-0209
https://doi.org/10.1021/acsami.7b15845
https://doi.org/10.1016/j.ceramint.2018.08.040
https://doi.org/10.1002/mabi.202100088
https://doi.org/10.1016/j.biomaterials.2012.09.021
https://doi.org/10.1016/j.biomaterials.2012.09.021
https://doi.org/10.1002/advs.201800776
https://doi.org/10.1002/adfm.201906013
https://doi.org/10.3389/fbioe.2021.591796
https://doi.org/10.3389/fbioe.2021.591796
https://doi.org/10.1021/acsami.6b01432
https://doi.org/10.1126/science.aaf3627
https://doi.org/10.7150/thno.40103
https://doi.org/10.1016/j.actbio.2020.06.024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 13 May 2022
doi: 10.3389/fbioe.2022.842530

OPEN ACCESS

Edited by:
He Liu,
Jilin University, China

Reviewed by:

Yoke Chin Chai,

KU Leuven, Belgium

Yunan Qing,

Second Affiliated Hospital of Jilin
University, China

*Correspondence:
Lunguo Xia
xialunguo@hotmail.com
Xingge Yu
yuxingge1991@163.com
Yuanjin Xu
drxuyuanjin@126.com

TThese authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Biomaterials,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 23 December 2021
Accepted: 11 April 2022
Published: 13 May 2022

Citation:

Zhou Y, Hu Y, Uemura M, Xia L, Yu X
and Xu Y (2022) Fabrication and Effect

of Strontium-Substituted Calcium
Silicate/Silk Fibroin on Bone
Regeneration In Vitro and In Vivo.

Front. Bioeng. Biotechnol. 10:842530.

doi: 10.3389/fbioe.2022.842530

Check for
updates

Fabrication and Effect of
Strontium-Substituted Calcium
Silicate/Silk Fibroin on Bone
Regeneration In Vitro and In Vivo

2,5%

Yuning Zhou "2, Yue Hu™?f, Mamoru Uemura®, Lunguo Xia®>**, Xingge Yu®*** and

Yuanjin Xu™2*

"Department of Oral Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, College of
Stomatology, Shanghai Jiao Tong University, Shanghai, China, 2National Center for Stomatology, National Clinical Research
Center for Oral Diseases, Shanghai Key Laboratory of Stomatology, Shanghai, China, *Department of Anatomy, Osaka Dental
University, Hirakata, Japan, “Department of Orthodontics, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University
School of Medicine, College of Stomatology, Shanghai Jiao Tong University, Shanghai, China, °Department of Oral and Cranio-
Maxillofacial Science, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, College of
Stomatology, Shanghai Jiao Tong University, Shanghai, China

Achieving rapid osteogenesis and angiogenesis was the key factor for bone regeneration.
In the present study, the strontium-substituted calcium silicate (SrCS)/silk fibroin (SF)
composite materials have been constructed by combining the different functional
component ratios of SrCS (12.5 wt%, 25wt%) and SF. Then, the effects of SrCS/SF
materials on proliferation, osteogenic differentiation, and angiogenic factor secretion of rat
bone marrow-derived mesenchymal stromal cells (rBMSCs) were first evaluated in vitro.
Moreover, the in vivo effect of osteogenesis was evaluated in a critical-sized rat calvarial
defect model. In vitro studies showed that SrCS/SF significantly enhanced the cell
proliferation, alkaline phosphatase (ALP) activity, and the expression of osteogenic and
angiogenic factors of rBMSCs as compared with the SF and CS/SF, and the optimum
proportion ratio was 25 wt%. Besides, the results also showed that CS/SF achieved
enhanced effects on rBMSCs as compared with SF. The in vivo results showed that 25 wt
% SrCS/SF could obviously promote new bone formation more than SF and CS/SF. The
present study revealed that SrCS could significantly promote the osteogenic and
angiogenic activities of SF, and SrCS/SF might be a good scaffold material for bone
regeneration.

Keywords: strontium-substituted calcium silicate/silk fibroin, bone marrow-derived mesenchymal stem cells,
osteogenesis, angiogenesis, bone regeneration

1 INTRODUCTION

In clinical practice, autologous bone transplantation, allogeneic bone transplantation, xenogeneic
bone transplantation, and allogeneic material transplantation are the main methods applied for bone
defect repair. However, each treatment method possesses its own advantages and disadvantages,
which are unable to satisfy the needs of bone defect morphology and functional reconstruction at the
same time (Wu V. et al., 2019). Therefore, bone scaffold materials have been continuously researched
and developed. After implantation, bone scaffold materials can provide a three-dimensional scaffold
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environment, which is conducive to cell adhesion, proliferation,
differentiation, and growth (Bose et al., 2017). More importantly,
in addition to promoting cell colonization and osteogenic activity,
it is also crucial to maintain cell viability, which depends on
adequate blood supply. Previous studies discovered that after
implanting in vivo, the survival of cells mainly depended on the
degree of vascularization in the bone scaffold materials (Yan et al.,
2019; Yin et al., 2019). The growth of the vascular bed around the
defect could only reach the edge of the scaffold materials, while
cell death could be discovered in the center, which limited the
formation of new bone (Ziebart et al., 2013). In addition, the
ingrowth vascular also acted as a communication network
between the new bone and adjacent tissues, thus ensuring the
stability of the new bone (Chim et al., 2013). Therefore, the ideal
scaffold materials for bone regeneration should possess the
inductive activities of osteogenesis and angiogenesis.

As a new kind of natural polymer material, silk fibroin (SF) has
good biocompatibility, mechanical strength, and toughness, which
attracted wide attention in the field of bone repairing biomaterials
(Omenetto and Kaplan 2010; Bhattacharjee et al., 2017). However,
SF is still lacking in osteoinductive activity (Zhu et al, 2011).
Previous studies have shown that the compounded organic and
inorganic materials could effectively enhance the biological
properties of materials (Ye et al., 2011; Wang et al., 2020). Our
previous research revealed that, under the osteoporotic condition,
Sr-doped CS bioceramics (SrCS) could promote the osteogenic
differentiation and angiogenic factor expression of rBMSCs, which
could also stimulate the angiogenic activity of HUVECs (Lin et al.,
2013). Moreover, it has been reported that SrCS with different
concentrations could promote osteogenesis and inhibit
osteoclastogenesis at the same time (Ben et al., 2020). Based on
previous studies, it is expected to enhance the osteogenic and
angiogenic properties of SF materials by a combination of SrCS
bioceramics. However, it is still questioned whether the SrCS
compound with SF  materials could improve the
physicochemical and biological properties of the materials
simultaneously, as well as its optimum proportion ratio.

In the present study, our hypothesis is that by combining SrCS
bioceramics and SF materials, novel materials (SrCS/SF) with bi-
directional osteogenic/angiogenic activity could be designed. To test
our hypothesis, rBMSCs were cultured on the composite materials
with different concentrations of SrCS, and the effects on the
proliferation, osteogenic differentiation, and secretion of angiogenic
factors of rBMSCs were scientifically detected. Furthermore, the effects
of the composite materials on bone regeneration were investigated in a
rat critical-sized calvarial defect model in vivo.

2 MATERIALS AND METHODS

2.1 Fabrication and Characterization of the
Silk Fibroin, CS/SF, and
Strontium-Substituted Calcium Silicate/SF

Scaffold Materials
The CS and SrCS bioceramic ultrafine powders with 10 mol% of
Ca replaced by Sr were prepared by chemical precipitation,

SrCS/SF Effect on Bone Regeneration

sol-gel method, and hydrothermal reaction technology, while
the SF solution was obtained by dialysis, as previously described
(Ye et al,, 2011; Lin et al., 2013). Then the CS or SrCS nanofibers
and SF solution were mixed by ultrasonic wave. A proper amount
of 400-600 pm granular NaCl particles was added (Byrne et al,,
2008; Kasten et al., 2008; Lee et al., 2019), which were mixed
evenly and put into the 6-well plates to a height of 8 mm. And
then frozen in - 200C refrigerator and placed in a freeze dryer.
After freeze-drying, the CS/SF and SrCS/SF scaffold materials
with a large pore size of 400-600 pm were obtained. By adjusting
the concentration of silk protein solution and the ratio of NaCl
particles, the porosity and mechanical properties of the composite
scaffolds were controlled, and finally, the composite scaffolds
with 80-88% porosity were obtained. Moreover, by controlling
the quality of CS or SrCS, the 12.5wt% CS/SF, 25 wt% CS/SF,
12.5 wt% SrCS/SF, and 25 wt% SrCS/SF materials were fabricated
separately. In addition, X-ray diffraction (XRD: D/max 2550V,
Rigaku, Japan) and scanning electron microscopy (SEM: JSM-
6700F, JEOL, Japan) have been performed to detect the
characteristics, morphology, and surface topography of the
materials, respectively. On the other hand, the macropore sizes
of the materials were measured under electron microscopy using
the direct observation from cross section method (Engin and Tas
1999). While the porosity of the materials was determined by the
Archimedean method using distilled water as the determination
medium (Lin et al., 2013).

The compressive mechanical properties of all scaffolds were
detected using a universal mechanical testing machine (Instron,
United States). The materials were stressed under the loading rate
of 1 mm/min. When the compression variable reaches 60%, the
stress—strain curve of the material was obtained. Then, the
compression modulus at 10% deformation was calculated.

The effect of CS or SrCS addition on the degradation behavior
of SF was determined by measuring their weight loss percentage
in Tris-HCL buffered solution (0.1 mol/L), which is prepared as
per described in the previous study (Xia et al., 2019). Then the
samples were soaked in Tris-HCL buffered solution and refreshed
every day. On days 1, 3, 5, 7, and 14, the samples were taken out,
rinsed with deionized water, and then freeze-dried to measure the
weight loss.

The 12.5wt% and 25 wt% SrCS/SF scaffold materials were
soaked in 1 ml medium without FBS and incubated for 4, 7, and
10 days. The medium was collected at each time point, and
concentrations of strontium in the medium were measured by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES; Varian, United States).

2.2 Isolation and Culture of Rat Bone
Marrow-Derived Mesenchymal Stromal

Cells

The rBMSCs were isolated and cultured following the protocols
as described in the previously study (Zhou et al., 2015). Briefly,
the 4-week-old male SD rats weighing 50 + 5 g were sacrificed by
overdose of pentobarbital. Then both ends of the femurs were cut
off at the metaphyses, and the marrow was flushed out with 10 ml
modified Eagle’s medium (MEM; Gibco, United States)
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FIGURE 1 | Characteristics of materials. (A) SEM micrographs of materials (SF: SF, 12.5 CS: 12.5 wt% CS/SF, 25 CS: 25 wt% CS/SF, 12.5 SrCS: 12.5 wt% SrCS/
SF, 25 SrCS: 25 wt% SrCS/SF). (B) XRD patterns of materials. (A) Scale bar = 500 pm.
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FIGURE 4 | MTT assay. The effect of different materials (SF: SF, 12.5 CS:
12.5 wt% CS/SF, 25 CS: 25 wt% CS/SF, 12.5 SrCS: 12.5 wt% SrCS/SF, 25
SrCS: 25 wt% SrCS/SF) on the proliferation of rBMSCs. The SF group was
treated as the control group. *p < 0.05 indicates the other groups vs. the
SF group, and Ap < 0.05 indicates the 25 SrCS group vs. the other groups.

supplemented with 10% fetal bovine serum (FBS; Gibco,
United States) and antibiotics (penicillin 100 U/mL,
streptomycin 100 U/mL). After culturing in an incubator at
370C with 5% CO, for 4 days, the medium was first changed
and then renewed every 2 days. At a confluence of approximately
90%, the rBMSCs were washed with phosphate-buffered saline
(PBS) and passaged using 0.25% trypsin/
ethylenediaminetetraacetic acid (trypsin/EDTA). The cells
from passages 1 to 3 were used for subsequent experiments.

2.3 MTT Assay

To investigate the effects of different scaffold materials on cell
proliferation of rBMSCs, the MTT assay was performed. First, the
cells were plated on the different scaffold materials (SF, 12.5 wt%
CS/SF, 25 wt% CS/SF, 12.5 wt% SrCS/SF, and 25 wt% SrCS/SF)
into 96-well plates at a density of 5x10° cells per piece of material,
then cultured in the medium for 1, 4, and 7 days. At each time
point, the materials with cells seeded were removed into other
blank wells to exclude the influence from the rBMSCs adherented
on the wells, and then incubated in MEM containing 10% MTT
(Amresco, United States) solution at 37 °C for 4 h. Finally, DMSO
was used and the absorbance of the solution was measured at
490 nm using an ELx Ultra Microplate Reader (BioTek,
United States). All experiments were performed in triplicate.

2.4 Real-Time Quantitative PCR (RT-PCR)

Analysis

To measure the expression of osteogenic and angiogenic
genes of rBMSCs seeded on different materials as
previously described, the RT-PCR analysis was performed
at 4, 7, and 10 days. At each time point, after collecting the
cells, the RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, United States), and
complementary DNA (cDNA) was then synthesized using
a Prime-Script RT reagent kit (Takara Bio, Japan) following
the manufacturer’s recommendations. Quantification for
ALP, bone morphogenetic protein 2 (BMP-2), osteopontin
(OPN), vascular endothelial growth factor (VEGF), and
angiogenin-1 (ANG-1) were analyzed with a Bio-Rad
MyiQ single-color real-time PCR system, while
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control for normalization. All
experiments were performed in triplicate.
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FIGURE 5 | Osteogenic gene expression analysis. The osteogenic gene expression of rBMSCs seeded on different materials (SF: SF, 12.5 CS: 12.5 wt% CS/SF,
25 CS: 25 wt% CS/SF, 12.5 SrCS: 12.5 wt% SrCS/SF, 25 SrCS: 25 wt% SrCS/SF) for 4, 7, and 10 days. (A) ALP; (B) BMP-2; (C) OPN. The SF group was treated as
the control group. “p < 0.05 indicates the other groups vs. the SF group, and Ap < 0.05 indicates the 25 SrCS group vs. the other groups.
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FIGURE 6 | Angiogenic gene expression analysis. The angiogenic gene expression of rBMSCs seeded on different materials (SF: SF, 12.5 CS: 12.5 wt% CS/SF,
25 CS: 25 wt% CS/SF, 12.5 SrCS: 12.5 wt% SrCS/SF, 25 SrCS: 25 wt% SrCS/SF) for 4, 7, and 10 days. (A) VEGF; (B) ANG-1. The SF group was treated as the control
group. *p < 0.05 indicates the other groups vs. the SF group, and Ap < 0.05 indicates the 25 SrCS group vs. the other groups.

2.5 Alkaline Phosphatase Activity Analysis the total cellular protein content was measured by detecting the
After the rBMSCs were seeded on the different scaffolds as  absorbance at 630 nm and calculating with reference to a series of

described earlier, at 7 days, ALP staining was analyzed. Briefly, =~ BSA (Sigma, United States) standards, using the Bio-Rad protein
the cells were incubated in BCIP/NBT solution (Beyotime,  assay kit (Bio-Rad, United States). Finally, the ALP quantitative
Shanghai, China) in the dark at 370C, and the areas stained  result was accessed as pNP (mM) per milligram of total cellular
purple were regarded as positive, as the previous study described ~ proteins. All experiments were performed in triplicate.

(Zhou et al., 2015). In addition, after the above experiments, SF,

25 wt% CS/SF and 25 wt% SrCS/SF groups were selected. Ondays 2.6 Enzyme-Linked Immunosorbent Assay
4,7, and 10, ALP quantity analysis of BMSCs cultured on these ~ To analyze the angiogenic protein expression of cells cultured on
materials was performed following the manufacturer’s  SF, 25wt% CS/SF, and 25 wt% SrCS/SF scaffold materials, the
instructions (Beyotime, China). First, the BMSCs were  VEGF content was measured by using a VEGF ELISA kit (Bender,
incubated with 400 uL lysis buffer at 370C for 4h, and the  United States) on days 4, 7, and 10. According to the
samples were vibrated for 30 min. Then the ALP activity was  manufacturer’s instructions, the VEGF concentration was
quantified by absorbance at 405 nm (BioTek, United States) using  specifically measured using a standard curve and was further
p-nitrophenyl phosphate disodium (p-NPP) as the substrate and ~ normalized to the total cellular protein content, as described
calculated according to a reference standard product. Furthermore, ~ above. All experiments were performed in triplicate.
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FIGURE 7 | ALP activity analysis. (A) ALP staining of -BMSCs seeded on
different materials (SF: SF, 12.5 CS: 12.5 wt% CS/SF, 25 CS: 25 wt% CS/SF,
12.5 SrCS: 12.5 wt% SrCS/SF, 25 SrCS: 25 wt% SrCS/SF) for 7 days. (B)
ALP staining of rBMSCs seeded on different materials (SF: SF, CS/SF:

25 wt% CS/SF, SrCS/SF: 25 wt% SrCS/SF) for 4, 7, and 10 days. *p < 0.05
indicates the other groups vs. the SF group, and Ap < 0.05 indicates the 25
SrCS group vs. the other groups.

2.7 Animal Experiments

First, 9 SD rats of 8-week-old were randomly allocated into three
groups: SF group, 25 wt% CS/SF group, and 25 wt% SrCS/SF
group. The animals were anesthetized by intraperitoneal
injection of pentobarbital (Nembutal 3.5mg/100g). On the
scalp, a 1.0- to 1.5-cm sagittal incision was made, and the
calvarium was exposed by blunt dissection. Two bilateral
critical-sized defects were created by using a 5-mm diameter
trephine bur (Fine Science Tools, United States). Finally,
18 critical-sized calvarial defects in 9 rats were generated and
randomly filled with the scaffolds as previously described (n =
6), respectively. All the rats were sacrificed, and the calvarias
were removed after 8 weeks.

2.8 Sequential Fluorescent Labeling

To investigate the new mineralized tissue at different stages,
polychrome sequential fluorescent labeling was performed over
a period of 8 weeks according to the method as described in the
previous study (Ye et al., 2011). Briefly, the animals were
intraperitoneally  injected with 25mg/kg tetracycline
hydrochloride (TE, Sigma, United States), 30 mg/kg alizarin
red (AL, Sigma, United States), and 20 mg/kg calcein (CA,
Sigma, United States) at 2, 4, and 6 weeks after the operation,
respectively.

__BiY
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VEGEF content
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Culture time (days)

FIGURE 8 | VEGF protein content test by ELISA assay. The protein level
of VEGF of rBMSCs seeded on different materials (SF: SF, CS/SF: 25 wt%
CS/SF, SrCS/SF: 25 wt% SrCS/SF) for 4, 7, and 10 days. *p < 0.05 indicates
the other groups vs. the SF group, and Ap < 0.05 indicates the 25 SrCS

group vs. the other groups.

2.9 Microcomputed Tomography

Examination

At 8 weeks after the operation, the rats in each group were
sacrificed using an overdose of pentobarbital. The calvarias were
fixed in a 4% phosphate-buffered formalin solution and then
detected by a microcomputed tomography (micro-CT) system
(uCT-80, Scanco Medical AG, Switzerland) as described in the
previous study (Zhou et al., 2017). The segmentation of bone tissue
from the CS/SF and SrCS/SF was carried out by the threshold
segmentation method, while the selected bone grey threshold range
was 120-255. Moreover, the bone mineral density (BMD) and the
trabecular thickness (Tb. Th) of the bone defects were calculated by
auxiliary histomorphometric software (Scanco Medical AG,
Switzerland). All experiments were performed in triplicate.

2.10 Histological and Histomorphometric

Observation

By ascending in concentrations of alcohol ranging from 75 to 100%
and embedding in polymethylmethacrylate (PMMA), the samples
were dehydrated. Three longitudinal sections for each specimen
were prepared as the previous study described (Zhou et al., 2017).
First, the samples were observed for fluorescent labeling using CLSM
(Leica TCS, Germany), and the images inside the calvarial defects
were partially magnified. Then, using a personal computer-based
image analysis system (Image Pro 50, Media Cybernetic,
United States), the fluorochrome staining for new bone
formation and mineralization was quantified by calculating the
percentage of fluorescence area in the defect images, while the
image margin was treated as the calculation range. Data
pertaining to the colors yellow (TE), red (AL), and green (CA)
represent bone regeneration and mineralization at weeks 2, 4, and 6
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FIGURE 9 | Micro-CT evaluation and morphometric analysis of calvarial bone repairing. (A) Representative 3D superficial image of femur bone defects (bone grey
threshold range: 120-255). Morphometric analysis of bone mineral density (BMD) (B) and trabecular thickness (Tb. Th) (C) by micro-CT for each group at 8 weeks post-
operation. *p < 0.05 indicates the other groups vs. the SF group, and Ap < 0.05 indicates the 25 SrCS group vs. the other groups.
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after the operation, respectively. Finally, the samples were stained
with van Gieson’s (VG) picro-fuchsin for histological observation.
Using Image Pro 5.0, the area of new bone formation was quantified
along three randomly selected sections from the serial sections
collected from each sample and reported as a percentage of the
whole bone defect area. All experiments were performed in triplicate.

2.11 Statistical Analysis

The means and standard deviations of all data were calculated.
Differences between groups were analyzed by ANOVA and the
SNK post hoc or Kruskal-Wallis nonparametric procedure
followed by the Mann-Whitney U test for multiple
comparisons based on the results of the normal distribution
and equal variance assumption test (Zhou et al, 2017) using
SAS 8.0 software (SAS Inc., United States). A difference was
considered statistically significant at a p-value < 0.05 (*A p < 0.05).

3 RESULTS

3.1 Characterization of SF, CS/SF, and

SrCS/SF Materials
The CS/SF and SrCS/SF scaffold materials with a large pore size of
400-600 pm  and  80-88%  porosity ~were fabricated

(Supplementary Table S2). As shown in SEM micrographs
(Figure 1A), compared with the SF and CS/SF materials, the
porosity of the SrCS/SF materials increased to a certain degree,
including distributed and interconnected porosity. While the
macropore sizes and porosity of SrCS/SF were in the range of
400-600 um and 80-88%, respectively. Meanwhile, the XRD
patterns (Figure 1B) showed the diffraction peaks (indicated
as ¥ and @), which suggested that both CS and SrCS could be
identified as CaSiO3 phase; and confirmed that the obtained
materials were compounded by CS or SrCS and SF materials, and
the proportion concentration of CS or SrCS did not alter the
phase composition.

The result of compressive mechanical properties of the
materials showed that the structure of all materials is
relatively uniform without large holes or collapses inside
(Figure 2A). It can be seen that the compressive modulus
of the CS/SF and SrCS/SF scaffolds was higher than that of SF,
especially in the 25 wt% groups (Figure 2B). However, there
was no significant difference between 25wt% SrCS/SF
scaffolds and 25 wt% CS/SF scaffolds, indicating that 25 wt
% CS/SF and 25wt% SrCS/SF scaffolds both have better
mechanical properties than the other scaffolds.

As shown in Figure 3A, the addition of CS or SrCS could
reduce the degradation rate of SF, which is better
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FIGURE 10 | Sequential fluorescent labeling of TE, AL, and CA. (A) The
images in yellow (TE), red (AL), and green (CA) indicate bone regeneration and
mineralization at 2, 4, and 6 weeks after the operation. Merged images of the
three fluorochromes or with a brightfield confocal laser microscopy

image for the same group. (B) Percentages of TE, AL, and CA staining by
histomorphometric analysis. *p < 0.05 indicates the other groups vs. the SF
group, and Ap < 0.05 indicates the 25 SrCS group vs. the other groups. Scale
bar = 100 pm.

cooperating with the bone regeneration rate in vivo. While
the release curve of strontium showed that 12.5 wt% and
25 wt% SrCS/SF scaffold materials could release strontium
steadily throughout the whole observation time, the
concentration of released strontium became lower with
time (Figure 3B).

3.2 MTT Analysis

To measure the proliferation of rBMSCs cultured on different
materials described previously, the MTT analysis was performed
on days 1, 4, and 7. In Figure 4, significantly increased cell
proliferation was observed in the SrCS/SF groups than in the
respective other groups on days 4 and 7. In addition, a significant
difference was detected between the 25 wt% SrCS/SF group and
the other groups at 4 and 7 days (p < 0.05).

3.3 RT-PCR Analysis

To determine the expression of the osteogenic genes, i.e., ALP,
BMP-2, and OPN; and the angiogenic genes, ie., VEGF and
ANG-1 of rBMSC:s seeded on different materials described above,

SrCS/SF Effect on Bone Regeneration

the RT-PCR analysis was performed (Figures 5, 6). The results
for osteogenic genes showed that the expression of ALP in the CS/
SFE and SrCS/SF groups increased significantly compared with
that in the SF group, which peaked at 7 days. However, the
expression of BMP-2 in the CS/SF and SrCS/SF groups was
higher than that in the SF group, which peaked at 1 day and
then slowed down. Additionally, the expression of OPN in the
CS/SF and SrCS/SF groups increased significantly compared with
that in the SF group at each time point and peaked at 10 days. On
the other hand, with respect to the angiogenic genes, the
expression of VEGF in the CS/SF and SrCS/SF groups was
significantly higher than that in the SF group at 4 and 10 days.
In addition, the expression of ANG-1 in the CS/SF and SrCS/SF
groups peaked at 4 days compared with that in the SF group.
More importantly, the 25 wt% was the optimum ratio.

3.4 Alkaline Phosphatase Activity Analysis
To determine the early osteogenesis of rBMSCs after culturing on
the different materials described previously, the ALP staining was
examined. It was shown that more intense ALP staining was
observed in the CS/SF and SrCS/SF groups than the SF group,
especially the 25wt% SrCS/SF group, on day 7 (p < 0.05,
Figure 7A). As the SF, 25wt% CS/SF, and 25 wt% SrCS/SF
groups were selected, the ALP quantity analysis was detected.
In Figure 7B, the result revealed that the ALP activity increased
with the culture time, while the highest ALP activity was detected
in the 25 wt% SrCS/SF group.

3.5 Vascular Endothelial Growth Factor

Protein Content

The amount of VEGF protein released from rBMSCs cultured on SF,
25 wt% CS/SF, and 25 wt% SrCS/SF scaffold materials was measured
by ELISA on days 4, 7, and 10. The results showed that the VEGF
protein level of 25wt% CS/SF and 25wt% SrCS/SF increased
significantly than SF, especially in the SrCS/SF group (Figure 8).

3.6 Microcomputed Tomography

Measurement

In Figure 9, it showed that obviously promoted new bone
formation was observed in the CS/SF and SrCS/SF groups
than those in the SF group, while the SrCS/SF was the most
osteogenic at 8weeks after the operation (Figure 9A).
Furthermore, the similar results of BMD and Tb. Th were
detected in the morphometrical analysis (p < 0.05)
(Figures 9B,C).

3.7 Histological Analysis of Bone

Regeneration

The different fluorescent labels in Figure 10 represent new bone
regeneration and mineralization at weeks 2, 4, and 6 after the
operation. It revealed that, at each time, the percentages of TE
labeling (yellow), AL labeling (red), and CA labeling (green) in
the SrCS/SF group were significantly higher than those in the SF
and CS/SF groups, while the percentages in the CS/SF group were
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FIGURE 11 | Histological images of newly formed bone in calvarial defects. (A—C) Histological images of newly formed bone in calvarial defects. (D) Percentage of
the new bone area assessed by histomorphometric analysis. *p < 0.05 indicates the other groups vs. the SF group, and Ap < 0.05 indicates the 25 SrCS group vs. the

164
4 %A
144
12

104

New bone area (%)

SF 25CS 25 SrCS

Groups

higher than those in the SF group (p < 0.05). Furthermore, the
results of histological analysis showed a similar conclusion The
analysis of VG staining showed that more newly formed bone
tissue penetrated into the defect center of the SrCS/SF group, and
few new bone formations on the defect center were observed in
the CS/SF group, whereas only limited new bone formation was
observed on the defect bottom of the SF group (Figure 11).

4 DISCUSSION

As a kind of natural high molecular fibrin, SF is an important
structural protein like collagen in bone tissue. It has been
confirmed that SF has many advantages, such as strong
mechanical properties, long surgical application history, easy
to obtain and modify, good degradability, and so on (Midha
et al., 2018; Wu J. et al., 2019; Guo et al., 2021); meanwhile, the
degradation products of SF have certain nutritional effects
(Setzen and Williams 1997). However, it lacks sufficient
osteogenic induction activity. Our previous research revealed
that SrCS could promote osteogenesis and angiogenesis of
osteoblasts (Lin et al., 2013). Another study also showed that
SrCS could regulate the proliferation and osteogenesis of human
osteoblasts (Zeng et al., 2020). Therefore, in the present study, to
obtain a kind of material with good physiochemical properties
and bi-directional osteogenic/angiogenic activity, it was designed
by compounding SrCS and SF. As it has been found that material
deposition occurs when CS or SrCS is higher than 25 wt% in the
fabrication process and particle agglomeration appears in the
fabricated scaffold materials, the component ratio of CS or SrCS
greater than 25 wt% was not carried out in the present study.

It has been reported that the pore structure of materials could
control the development of cells, which is called “contact
guidance” (Kuboki et al, 1998). The pore structure of
materials includes pore diameter and porosity. It has been
reported that the biocompatibility of materials was mainly
affected when the microstructure of materials is at the
nanometer level. While the cell behavior is mainly influenced,
including adhere and direction of arrangement of the cells, when
the microstructure of the material is at the micron level (Cben
et al,, 1997). A previous study revealed that cell differentiation
and proliferation could be influenced by the pore diameter of
materials (Mygind et al., 2007). It has also been confirmed that
high porosity could enhance the osteogenic activity of materials
(Karageorgiou and Kaplan, 2005; Ardeshirylajimi et al., 2018; Lai
et al, 2019). In the present study, compared with SF and CS/SF
materials, the SrCS/SF materials with a large pore size of
400-600 um and 80-88% porosity have a better pore structure.
And the follow-up results showed that the SrCS/SF could
promote the rBMSCs’ proliferation, osteogenesis, and secretion
of angiogenic factors, as well as enhance the bone regeneration in
vivo, which revealed that the obtained SrCS/SF materials with the
appropriate pore structure have good biological activities.

As a type of widely used stem cell, BMSCs have multipotency
and active proliferation, which can also be induced to secrete
angiogenic factors under appropriate methods (Jiang et al., 2018).
In the present study, the proliferation, osteogenesis, and secretion
of angiogenic factors of rBMSCs cultured on different scaffold
materials have been analyzed. It has been investigated that SrCS
could promote the proliferation of osteoblast-like cells (Zeng
et al,, 2020; Hu et al.,, 2017; Chiu et al., 2019). And our previous
study also showed that SrCS could promote the proliferation of
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rBMSCs-OVX (Lin et al., 2013). In the present study, SF and SrCS
materials have been compounded with different proportion
ratios. The results of the MTT assay showed that SrCS/SF
could enhance the proliferation of rBMSCs rather than SF and
CS/SF, which revealed that compounds with SrCS could enhance
the biological properties of the proliferation of SF materials. More
importantly, the results of ALP staining and RT-PCR analysis
showed that, compared with SF and CS/SF materials, SrCS/SF
could significantly promote the osteogenesis of rBMSCs. And the
in vivo results also showed that the bone formation in the SrCS/SF
was obviously increased than that in the SF and CS/SE. All the
data revealed that rather than CS, SrCS could stimulate the
osteogenic activities of SF materials. In addition, previous
studies showed that the biological properties of the composite
material could be affected by the proportion ratio of materials
(Talal et al., 2013; Elkholy et al., 2018; Ma et al., 2018). In the
present study, the materials with 12.5 wt% and 25 wt% have been
fabricated, while the ratio of 25 wt% was the optimum proportion
ratio both in CS/SF groups and SrCS/SF groups.

As simultaneous vascularization is a necessary condition in
the process of bone regeneration, it is essential to enhance the
angiogenic activity of BMSCs. It has been reported that,
without modification, SF has no obvious angiogenic
properties neither in vitro nor in vivo (Bai et al., 2011; Sun
et al., 2016). Otherwise, our previous studies investigated that
CS and SrCS could induce angiogenesis of BMSCs and
HUVECs to some extent (Lin et al, 2013; Wang et al,
2020). In the present study, the results of RT-PCR analysis
revealed that SrCS/SF could significantly promote the
expression of angiogenic factors of rBMSCs more than SF
and CS/SF. And the 25 wt% also was the optimum proportion
ratio. All the data revealed that rather than CS, SrCS could
upregulate the osteogenic but also angiogenic activities of SF
materials, especially for the ratio of 25 wt%.

5 CONCLUSION

In conclusion, compared with SF and CS/SF, SrCS/SF could
obviously enhance the «cell proliferation, osteogenic
differentiation, and angiogenic factor expression of rBMSCs,
and the optimum ratio was 25 wt%. Furthermore, the 25 wt%
SrCS/SF could promote osteogenesis in vivo more than SF and
25wt% CS/SFE. It is suggested that SrCS/SF with bi-directional
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In recent years, interbody fusion cages have played an important role in interbody fusion
surgery for treating diseases like disc protrusion and spondylolisthesis. However,
traditional cages cannot achieve satisfactory results due to their unreasonable
design, poor material biocompatibility, and induced osteogenesis ability, limiting their
application. There are currently 3 ways to improve the fusion effect, as follows. First, the
interbody fusion cage is designed to facilitate bone ingrowth through the preliminary
design. Second, choose interbody fusion cages made of different materials to meet the
variable needs of interbody fusion. Finally, complete post-processing steps, such as
coating the designed cage, to achieve a suitable osseointegration microstructure, and
add other bioactive materials to achieve the most suitable biological microenvironment of
bone tissue and improve the fusion effect. The focus of this review is on the design
methods of interbody fusion cages, a comparison of the advantages and disadvantages
of various materials, the influence of post-processing techniques and additional materials
on interbody fusion, and the prospects for the future development of interbody
fusion cages.

Keywords: 3D printing, interbody fusion cage, titanium, PEEK, absorbable material, growth factors, ceramic
material, coating

1 INTRODUCTION

With population aging, spinal degenerative diseases have become a health problem that cannot be
ignored, with a lifetime incidence of >50% (Chong et al., 2016; Lim et al., 2019; May et al., 2019;
Warren et al., 2020). In the spinal orthopedics clinic, when nerve compression persists for a long time
and conservative treatment fails, decompression surgery has remained the first choice for the
treatment of intervertebral disc degeneration, but interbody fusion is crucial for the treatment of
impaired vertebral stability, failure of intervertebral disc surgery, spinal deformity and spinal
stenosis. (Jain et al., 2016; Mena et al., 2016; Phan and Mobbs 2016; Assem et al., 2017; Iunes
etal., 2020). The purpose of this operation is to decompress the nerve root, maintain the height of the
intervertebral disc, and achieve bony fusion (Folman et al., 2003; Hoy et al., 2013; Hoy et al., 2019;
Fan and Guo 2020). It means we need to convert fibrocartilage joints into hard and continuous bone
segments (Smoljanovic et al., 2010). The autogenous iliac bone graft is the gold-standard method for
spinal fusion (Vanek et al., 2012; Farrokhi et al., 2017). Harvested autologous bone slices have better
osteoinductive properties compared to allogeneic bone grafts (Huang et al., 2014; Grgurevic et al.,
2020). However, autologous bone grafts are limited by additional surgical trauma, donor site
complications, and the inadequate autogenous bone supply (Sekerci et al., 2013; Fomekong et al.,
2017). Fusion failure is often caused by cage loosening and related complications (5-35%), so
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TABLE 1 | Experimental studies published recently.

Osteogeic Biomaterials for Interbody Fusion

Study Additive Scaffold Technique Animal Results
Model
(Zhang et al.) SIM/poloxamer 407 Ti 3D-printing Rhesus Promoted bone ingrowth and spinal fusion
Hydrogel Macaque
Liang et al. (2020) - HA/PAGG Infiltrating Goat Effectively improved intervertebral bony fusion
Rodriguez-Vazquez and - Ch/HAp Freeze-drying Rat Bone regeneration in a solid and well-structured
Ramos-Zuiga (2020) fusion was induced
Chu et al. (2019) lliac crest bone graft ~ CS/PEEK (4:6) Fabricated by Goat Induced highly effective bone fusion
compounding and
injection-molding
Gunzburg et al. (2019) Autologous bone PEEK Ti coating QOvine Nano-surfaced cages resulted in greater spinal
stiffness changes
Lu et al. (2019) — Tantalum 3D-knitted Rabbit Showed good biocompatibility and
osteocompatibility
Walsh et al. (2018) — PEEK Coating Sheep Newly formed bone tracked along the thin Ti-
coated surface
McGilvray et al. (2018) — Titanium 3D-printing Ovine Reduced range of motion and increased bone
ingrowth and construct stiffness
(Kirk et al., 2017) lliac crest bone graft ~ PEEK titanium Hybrid additive Ovine PTC constructs demonstrated significant

composite (PTC)

manufacturing
approaches

reductions in range of motion and a significant
increase in stiffness compared to PEEK and PSP

Ren et al. (2017) — MAACP/HA/CS —

Bae et al. (2016) RhBMP-2 PEEK —

Wheeler et al. (2016) mesenchymal PEEK —

precursor cells
(MPCs)

choosing an appropriate interbody cage or not directly affects the
success rate of surgery (Virk et al., 2017).

The ideal bone-substitute material should be characterized by
favorable bone induction, good biocompatibility, suitable
mechanical strength, and a high performance-to-price ratio
(Warburton et al., 2019; Verma et al., 2020). At present, the
commonly used materials for interbody fusion cages can be
divided into metallic and non-metallic options (Park and
Lehman, 2020; Verma et al., 2020). The most commonly used
interbody cages are made of non-absorbent materials, such as
titanium (Ti) and poly-ether-ether-ketone (PEEK). Ti alloy may
cause implant subsidence and segmental instability due to its high
elastic modulus, and the use of PEEK is limited due to its poor
biocompatibility leading to chronic inflammatory responses (Guo
et al., 2020). Absorbable materials include magnesium (Mg) and
other polymer materials. With the mechanical strength weakens
due to degradation, the materials may not be able to provide
sufficient support and lead to the interbody fusion failure.
Therefore, it is necessary to explore new materials that
promote interbody fusion.

Three-dimensional (3D) printing is a new and widely popular
technology (Egan et al, 2018; Burnard et al., 2020). Most
importantly, 3D-printed cages can be customized for
individual patients to achieve a high degree of implant-to-
anatomy match. An appropriate interbody cage is designed to
maintain the height of the intervertebral body and keep the upper
and lower vertebral bodies stable. In addition, the internal porous
structure made by 3D-printing technology can induce new bone
ingrowth, which realizes the fusion of the upper and lower

Goat Provided a good fusion effect, enough

biomechanical stability, and close integration with

the surrounding bone

RhBMP-2 dose-dependent osteoclastic

resorption is a transient phenomenon

Ovine MPCs are an alternative to autologous for lumbar
interbody fusion procedures

Sheep

vertebral bodies to achieve biological stability (Zhang et al,
2020a). Osseointegration can be further improved by making
surface modifications and the addition of drugs and growth
factors (Park and Lehman, 2020). Coating is a commonly used
surface-modification technology, and better biological activity
and osteogenic ability can be obtained with coating materials such
as Ti and hyaluronic acid (HA). Commonly used drugs include
simvastatin (SIM) and strontium ranelate (SRR), which can
improve the local microenvironment and promote
osteogenesis in patients with osteoporosis. Growth factors,
such as bone morphogenetic protein (BMP) and epidermal
growth factor, can promote interbody fusion by regulating the
expression of osteogenic genes. And we list all Experimental
studies and Clinical studies in Table 1 and Table 2 respectively.

Accordingly, we wrote this review to address above issues.
Review was retrieved in PubMed databases and Web of Science by
the keywords: “interbody fusion”, “cage”. A total of 658 papers
were picked, we excluded some earlier published research and
clinical articles, and 171 articles were finally selected for this
review according to the criteria of inclusion and exclusion. This
review introduces the application of interbody fusion cages in
bone tissue engineering in detail and focuses on the design
methods of interbody cages, including 3D printing, porosity
design. The advantages and disadvantages of interbody cages
made of different materials, such as Ti, tantalum, Mg, PEEK, and
ceramics, are compared and improved methods are proposed.
The effects of material post-processing techniques on interbody
fusion are summarized, including coating techniques, and the
effects of the internal addition of SIM, BMP, and SRR on
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TABLE 2 | Clinical studies published recently.

Study Additive Scaffold Technique Case
Number
Mobbs et al. (2019) Allograft Tl 3D-printing 1
Zippelius et al. (2018) — Tl 3D-printing 50
Mokawem et al. (2019) — SiCaP- 3D-printing 93
packed TI

Ohanisian and Dorsi - Tl 3D-printing 1
(2019

Arts et al. (2020) — Tl 3D-printing 50
Siu et al. (2018) — Tl 3D-printing 30
Krafft et al. (2019) — Tl 3D-printing 1

interbody fusion are discussed. In addition, the application
challenges of different interbody cages and directions for
further exploration are summarized.

STRATEGIES FOR DESIGNING INTERBODY
FUSION CAGES

Traditional Interbody Fusion Cages

Before an interbody fusion cage design is chosen, the anatomical
location, surgical approach, and implant size need to be
considered. The anatomical model may be obtained through a
computed tomography (CT) examination, and the matching
interbody fusion cage can then be designed accordingly (Duan
et al., 2016; Rieger et al., 2017; Sen et al., 2019; Gkt et al., 2020).
Combined with the CT data of the intervertebral disc, the
computer-aided design software (CAD) with computer-aided
manufacturing (CAM) technology was used to design the 3D
model of the interbody cage, and then the fused deposition
modeling (FDM) and selective laser melting (SLM) technology
were used to print interbody cage (Chen et al., 2019; Bassous et al.,
2019). The anatomical data of the target implant area include the
left-right diameter, anteroposterior diameter, intervertebral
height, and the angle between the upper and lower surfaces. In
addition, the increase in intervertebral height caused by the
destruction of the upper and lower endplates during surgery
should also be considered. Undersized implants may cause
subsidence, while oversized implants can cause damage to
neural structures due to excessive compression (Feng et al,
2014; Girod et al, 2017; Zhang et al, 2020b). The angle
between the upper and lower surfaces mentioned above
suggests the postoperative physiological curvature of the spine.
A proper angle in this context will keep the posterior longitudinal
ligament relatively tight after implantation, preventing the
posterior longitudinal ligament from going slack and
compressing the nerve. Moreover, an optimal angle can also
avoid overstretching of the anterior longitudinal ligament,
which may cause vertebral instability. Due to the different
stages of fusion and the individual differences of the target, the
designed interbody cages have various shapes, such as a kidney
shape (Madan and Boeree 2003). Joffe et al. obtained previous data
through CT imaging and designed a corresponding cervical fusion
cage, then carried out 3D printing and implantation in a canine

Osteogeic Biomaterials for Interbody Fusion

Results

Rapid recovery with significant fusion effects
Implant is safe and led to a very high fusion rate
Provided excellent rates of solid fusion in TLIF and LLIF surgeries

Stimulates osteogenesis and enhances fusion with a remarkable improvement of
symptoms

The fusion rates of porous titanium and PEEK with autograft were similar

The subsidence rate was lower compared to that of the PEEK implant

The difficulties in deformity correction secondary to osteoporotic fractures were
overcome

cervical interbody fusion model. The implants were not ground or
polished in this context because the rough surface structure
increased the area of bone contact to facilitate bone growth
(Joffe et al., 2019). A customized intervertebral device restores
the intervertebral space and achieves a certain degree of interbody
fusion (Joffe et al., 2019). In addition, by designing hollow cages,
the implantation of autologous bone and other implants can be
ensured to promote osseointegration. Walsh et al. designed an
interbody fusion cage (measuring 4.5 mm high, 10 mm wide, and
20 mm long) with a central hole for transplant material injection,
which was printed to fit the L4-L5 intervertebral space of sheep,
providing support for clinical implantation (Walsh et al., 2018).
The design of the fixed device cannot be ignored, and the nailboard
system is the most commonly used method applied to fixation
(Hah et al., 2020). Fixed device is generally used to maintain the
stability of the intervertebral space for a better fusion effect (Caplan
et al., 2020).

Porous Structures

The interconnected micropore structure of an interbody fusion
cage can improve the bone-conduction ability, which also benefits
cell proliferation and differentiation and bone regeneration. The
pore size of human cancellous bone is 500-600 pm (Lim et al.,
2019). Considering porous scaffolds applied in bone tissue
engineering, the porosity should be >50%, especially in the
range of 65-80%, where the structure and elasticity modulus
are similar to those of human trabeculae (Zhang F et al., 2018; Bai
H. T. et al,, 2020). The stress between the cage and the endplates
decreases with increasing porosity, while the range of motion of
the vertebral bodies decreases with increasing fusion rates of the
upper and lower vertebral bodies. Previous experiments have
shown that a pore size of 50-500 pum is beneficial for the adhesion,
proliferation, and differentiation of osteoblasts (Zhang Z et al.,
2018; Bai H. et al, 2020). In a comparison of goat interbody
fusion models, McGilvray ef al. found that the range of motion
between the vertebral bodies of the animals using porous Ti
interbody cages was significantly reduced and the stability of the
interbody fusion was increased, indicating that it obtained a
better fusion effect. The reason for this is that bone growth
occurs in the cage’s microporous structure, resulting in a
greater overall mechanical structural stability and more
effective fusion (McGilvray et al., 2018). The holes, in addition
to providing space for new bone to grow in, can be used for the
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good position (Sasso et al., 2004).

FIGURE 1 | (A) INTER FIX threaded fusion device. (B) Intraoperative picture of the two cages implanted at the L5-S1 interspace. (C) Coronal CT scan 1 year
postoperative. Bone has grown through and around the cages. (D) Lateral radiograph of INTER FIX. (E) Preoperative sagittal T2-weighted MRI with degeneration of the
L5-S1 disc and a normal L4-L5 disc. (F) Discogram with morphologic abnormality of the L5-S1 disc and a large posterior anular tear. The L4-L5 disc is anatomically
normal. Exact concordant 10/10 pain was reproduced at L5-S1. The L4-L5 injection caused no pain. (G) Postoperative lateral radiograph with INTER FIX cages in

injection of bioactive structures, such as BMPs, antibiotics, and
bioceramics, as well as for post-processing for better fusion results
(Schnitzer et al., 2020).

Other Special Structures

In designing the interbody fusion cage, there are some special
options available to facilitate certain tasks, such as reducing the
difficulty of surgery or promoting the fixation of adjacent vertebral
bodies by integrating the cage and the fixator. Sasso et al. designed a
hollow threaded cylinder with a removable end cover that provides
strength while reducing the weight and increasing the space
available for the bone autograft. Each cylinder component has
multiple holes for implanting the head and tail as well as small
transverse holes to enhance the vascularization of the graft in the
device. The matching internal fixation device is then designed
correspondingly. A good fusion rate was obtained in patients
implanted with this device (Sasso et al., 2004) (Figure 1). In
addition, the threaded structure on the surface of the fusion
cage can enhance interbody fusion and reduce the occurrence
of postoperative complications, causing autogenous bone
transplantation to rarely be needed (Hacker et al., 2000; Burkus
etal.,, 2002). The screw trajectory design, planned screw length, and
device matching the patient’s unique endplate anatomy should be
considered when 3D-printing the threaded hole design to ensure
uniform force on the endplate and device and to aid in fixation
(Park et al., 2009; Caffrey et al., 2018; Easley et al., 2018). Mobbs
et al. reported custom features with pre-angled threaded holes

designed to enhance post-implantation fixation and endplate
interfaces that match patient anatomy to ensure even loading
on the endplates and device. Their patient recovered quickly
after surgery, and their clinical symptoms were significantly
improved (Mobbs et al, 2019). Bionic structures can also be
considered. Zippelius et al. designed a “banana-shaped” cage
made of Ti with curved rails on the surface that can help
embed the endplates of the vertebrae, securing the cage to the
desired location on the ventral edge strip (such as on the rails)
while extending the surface and facilitating better skeletal
integration, and they obtained a good fusion rate in 60 patients
by using this approach (Zippelius et al., 2018). In addition, Kim
et al. designed a scalable interbody device (inserted in the form of
contraction and expanded in situ after being correctly located in the
intervertebral space), which is suitable for minimally invasive
interbody fusion. Clinical validation found that this device
resulted in improved patient-reported clinical outcomes,
recovery of disc height, and better fusion rates together with
reduced risks of implant displacement, subsidence, rupture, and
collapse compared to static devices (Kim et al., 2016) (Figure 2).

3 INTERBODY FUSION CAGE MATERIALS
Ti and Its Alloy Material (TigAl;V)

TicAlV is typically selected as the raw material for the
manufacture of interbody cages because of its strength,
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FIGURE 2 | (A) Lateral view of the expandable interbody cage. The implant is shown in contracted (A), expanding (B), and fully expanded (C) conditions. (B)
Preoperative anteroposterior (A) and lateral (B) plain-film radiographic images of the lumbosacral spine. Postoperative anteroposterior (C) and lateral (D) radiographic
images of the lumbosacral spine demonstrating 2-level interbody reconstruction and transpedicular screw and rod instrumentation at L4eS1. (C) The bar graph shows
visual analog scale scores for patients from the preoperative assessment through 24 months of follow-up. (D) The graph shows intervertebral disc heights of
patients from the preoperative assessment through 24 months of follow-up (mean + standard deviation values) (Kim et al., 2016).
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excellent corrosion resistance, low density, biocompatibility,
relatively low cost, and compatibility with magnetic resonance
imaging (Dai and Jiang 2008; Knutsen et al., 2015; Burkus et al.,
2017). The artifacts of Ti alloy generated on CT images are fewer
than those associated with other metals, so the condition of the
implant can be monitored after surgery (Joffe et al., 2019). 3D-
printed porous TisAl,V, which can be prepared by selective laser
melting or electron beam melting, has a low elastic modulus
similar to that of cortical bone, so it is a promising orthopedic
scaffold material (Liu et al., 2016; Walsh et al., 2019). Advances in
3D-printing technology have enabled the manufacture of Ti cages
with complex internal geometries. Postoperative follow-up of 93
patients who received transforaminal lumbar interbody fusion
(TLIF) and lateral lumbar interbody fusion (LLIF) using silicate-
substituted calcium phosphate (SiCaP)-packaged 3D printing
lamellar Ti cages was performed by Mokawem et al., and their
results demonstrated that the 3D-printed lamellar Ti cages
packaged with SiCaP ensured excellent solid fusion rates
during TLIF and LLIF surgeries (Mokawem et al., 2019). 3D
printing of Ti makes prostheses rougher. Modifying the surface of
an implant, such as its surface roughness and morphology,
promotes bone consolidation and prevents the implant from
falling off of the vertebral body (Mobbs et al, 2019). Ti
implants are beneficial for bone growth because of their metal

properties (i.e., valence charge), which attract neighboring
proteins, cells, and body fluids (Cheng et al., 2020). In a
previous study, however, Hauerberg et al found that, for
cervical radiculopathy caused by intervertebral disc herniation,
there is no difference between simple discectomy and Ti cage
fusion after discectomy (Hauerberg et al., 2008).

Ti has a high elastic modulus such that the porous Ti layer
hardly deforms under compression during implantation or under
physiological loading (Gunzburg et al., 2019). Arts et al. found
that the fusion rate of porous Ti was similar to that of autologous
bone-filled PEEK at 12 months during a prospective study of
single-segment anterior cervical discectomy and fusion (ACDF)
patients using 3D-printed porous Ti neck implants (Arts et al.,
2020). Through a clinical comparison, Krafft et al. found that the
sinking rate of 3D-printed porous Ti interbody fusion cages was
significantly lower than that of PEEK interbody fusion cages
(Krafft et al., 2020). 3D-printed lamellar Ti cages filled with SiCaP
bone grafts can also achieve promising fusion rates in adult
degenerative diseases by providing more consistent bone
growth and biological fixation (McGilvray et al, 2018;
Mokawem et al.,, 2019). However, the TigAl,V material has a
high elastic modulus. Due to the different elastic moduli of
cortical bone, the spinal fusion cage easily sinks, resulting in a
decrease in intervertebral height, pedicle stenosis, and so on
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FIGURE 3 | (A-C) The outlook of cubic porous tantalum implants (whose length, width, and height are 2.5-3.0 mm). Scanning electron microscopic images of

porous tantalum taken at a lower magnification (B; 85x) and a higher magnification (C; 5,000x). (D-F) Micro-CT images of operative lumbar intervertebral spaces in the 3
different procedures at 12 months postoperatively: (D) discectomy-only space (control group), (E) discectomy with autologous bone implanted space (autograft group),
and (F) discectomy with porous tantalum implanted space (tantalum group). Both the autograft and tantalum groups developed solid fusion with a continuous bony

bridge from the cranial to the caudal vertebra, while non-fusion was observed in the control group. (G) The imaging fusion index scores at different postoperative time
points. Stained non-decalcified sections showing new bone formation associated with osteonecrosis in the autograft (H) and porous tantalum interface (l) groups (Lu

et al.,, 2019).

(Seaman et al., 2017). At present, through the use of 3D-printing
technology, TisAl,V materials have been successfully used in
artificial hip replacements, semi-pelvic replacements, and
artificial vertebral replacements in patients with spinal tumors.
The advantages of 3D-printing technology in creating medical Ti
alloys are gradually being highlighted due to the abundant
processing methods in play (Niu et al,, 2019).

Tantalum

Tantalum has been increasingly used in the field of orthopedics
because of its good histocompatibility, strong corrosion
resistance, and so on (Zardiackas et al., 2001; Veillette et al.,
2006). Lu et al. demonstrated through in vitro and in vivo
experiments that porous tantalum implants can achieve good
fusion, and tantalum is expected to be an effective biomaterial for
interbody fusion cages. Porous tantalum has a structure and
mechanical properties to similar to those of human bone,
allowing trabecular bone to grow into the pores of a cage
implant to achieve better osseointegration. In addition,
tantalum stimulates cell proliferation and enhances the
osteogenic capacity of human osteoblasts, improving vertebral

fusion efficiency (Lu et al., 2019) (Figure 3). Above all, compared
to autogenous iliac bone graft, the adverse events in donor site can
be avoided. On the other hand, tantalum has been reported in the
treatment of infectious bone defects and bone tumors, which can
be used in interbody fusion and spinal metastases after
vertebrectomy (Hua et al, 2020; Wang ] et al, 2020). At
present, there are few reports about tantalum interbody fusion
cages in the clinic and experiments, and its effect and
characteristics need to be further verified (Iv, Beutler et al., 2010).

PEEK

PEEK is a kind of high-molecular-weight semi-crystal
polyaromatic linear polymer and thermoplastic material
characterized by biological inertia, radiation transmission, low
density, strong corrosion resistance, and a bone-like hardness
(Basgul et al., 2019). Compared to alloy, PEEK can minimize
stress shielding and bone resorption around the implant to avoid
implant loosening (McGilvray et al, 2018; Chu et al, 2019).
However, the formation of a biofilm on the surface of PEEK
inhibits its binding to the host bone, preventing solid fusion
(McGilvray et al., 2017; Gunzburg et al., 2019). In addition, PEEK
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fusion cage

FIGURE 4 | (A) The size and implantation of the CS/PEEK cage in a goat interbody fusion model. (B) Interbody fusion at 0, 4, 12, and 26 weeks based on the X-ray
observation; representative X-ray images with red arrows indicate the bone ingrowth. (C) 3D and longitudinal images of the interbody fusion of bone formation in the
interbody fusion at 4, 12, and 26 weeks based on the micro-CT scans. (D) Analysis of osseointegration at 4, 12, and 26 weeks based on histological assessment,
including Van Gieson staining and fluorescence labeling by calcein (Chu et al., 2019).

contact
interface

cages can cause local inflammation, which may lead to bone non-
union and osteolysis (Mokawem et al., 2019; Cheng et al., 2020).
In recent years, the technology for 3D-printing PEEK interbody
cages has matured, and there have been reports of its successful
clinical application. Because of PEEK high melting point, laser
sintering is commonly used, and the mechanical properties,
biocompatibility, and heat resistance of PEEK can be
effectively improved by adding in other inorganic materials
and polymers (Tan et al., 2005). It is reported that the fusion
rate of PEEK interbody devices is similar to that of allogeneic
bone grafts (Jain et al., 2020).

The calcium silicate (CS)/PEEK composite used by Chu et al.
was prepared by infusing CS into PEEK through compounding
and injection-molding techniques. According to the mechanical
property test results, the best ratio of CS is 40% (wt%). Through
the analysis of the results from a goat interbody fusion model, it
was found that the CS/PEEK composite had good biomechanical
stability, osteogenic effects, and osseointegration ability. This
bioactive material has great potential to facilitate the

development of clinical interbody fusion cages (Chu et al,
2019) (Figure 4).

McGilvray et al. found that, compared to the standard PEEK
stent, the range of motion of a PEEK-Ti composite stent made
using a mixture of PEEK and Ti was significantly reduced, the
hardness was significantly increased, and the fusion effect was
better (McGilvray et al., 2017). Dai et al. confirmed in their study
that a PEEK interbody fusion cage containing p-tricalcium
phosphate was efficient for the treatment of cervical
spondylosis (Dai and Jiang 2008). The elastic modulus of the
PEEK interbody fusion cage is similar to that of vertebral cortical
bone, which is beneficial for the dispersion of load and stress and
greatly reduces the probability of the cage sinking (Lim et al.,
2019). William et al. found that the introduction of HA into a
scaffold made of PEEK matrix allowed for direct bone-
attachment growth and exhibited better fusion in a goat
cervical fusion model. Although PEEK cages with HA can
improve interbody fusion, there are no clinical studies to
support their use (Walsh et al, 2016) (Figure 5). Also,
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groups. (D) Macroscopic overview of PMMA histology (Walsh et al., 2016).

FIGURE 5 | (A) Bone ingrowth in cortical sites for PEEK cage (A,C) and PEEK-HA cage (B,D) at 4 and 12 weeks demonstrated the presence of a fibrous tissue
interface for PEEK (*), whereas a direct bone-to-implant interface was observed for PEEK-HA at the magnification used. (B) Bone ingrowth in cancellous sites for PEEK
(A,C) and PEEK-HA (B,D) at 12 weeks demonstrated the presence of a fibrous tissue interface for PEEK (*), whereas a direct bone-to-implant interface was observed for
PEEK-HA at the magnification used. (C) Micro-CT at 6, 12, and 26 weeks for allograft, PEEKHA, and PEEK demonstrated progression in fusion versus time for all

although PEEK interbody fusion cages are relatively mature
structures, their composite materials need to be further explored.

Absorbable Materials

Absorbable materials have relatively good biocompatibility and
can be hydrolyzed or enzymatically hydrolyzed into non-toxic
small molecules that can be absorbed by organisms, with some
even participating in biological metabolism (Hojo et al., 2005).
Polylactide (PLA), alkyl polyglycoside, and polydioxane are
considered safe and sufficiently stable absorbable materials,
while iron, Mg, and zinc are the main absorbable metal
elements. Although the inconvenience of a second surgery can
be avoided by harvesting biomaterials, the possible complications,
such as soft-tissue reactions, unwanted osteolysis, and low
primary mechanical loading capacity, also limit the use of
absorbable interbody fusion cages (Ulum et al., 2019; Pisecky
et al., 2021). The hardness of the bioabsorbable fusion cage is
similar to that of bone, which may accelerate interbody fusion.

Meanwhile, as the fusion cage degrades, the load is gradually
transferred to the healed bone to aid with bone remodeling. At
present, PLA is the most commonly used bioabsorbable scaffold
material, but rapid degradation and osteolysis around the scaffold
have been reported (Ren et al., 2017). In a previous study, Lu et al.
compared a novel PLA/nanoscale B-tricalcium phosphate
bioabsorbable self-retaining cervical cage (BCFC) with an
autologous bone graft and PEEK cage for anterior cervical
discectomy and interbody fusion and found that the BCFC
device had better fusion than the autologous bone graft or
PEEK cage. This device may be a potential alternative to
current PEEK cages (Lu et al., 2017). Knutsen et al. designed a
bioabsorbable polycaprolactone (PCL) cervical cage and tested its
compression, compression-shear, and torsion, concluding that
PCL bioabsorbable cages may require additional fixation to
achieve the effect of fused vertebral bodies (Knutsen et al.,
2015). Through a clinical comparison, Jiya et al. found that
absorbable poly-L-lactide-co-D,L-lactide (PLDLLA) implants
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are less effective in assisting with spinal fusion than PEEK
implants, have a lower fusion rate, and are more prone to
subsidence and osteolysis, so their benefits need to be further
proven. The sterilization of PLDLLA cages by electron beam
irradiation may lead to preliminary cage rupture, which is the
main cause of mechanical failure (Jiya et al., 2009; Jiya et al.,
2011). Ren et al. evaluated the fusion effect, biomechanical
stability, and histological characteristics of a novel absorbable
poly-amino acid  copolymer/nano-hydroxyapatite/calcium
sulfate (MAACP/HA/CS) interbody fusion cage in a goat
cervical fusion model. Compared to a Ti cage and autogenous
bone graft, the MAACP/HA/CS cage had a better fusion effect,
combined closely with the surrounding bone, and maintained an
appropriate intervertebral disc height (Ren et al., 2017). Although
the absorbable material interbody fusion cage attained a good
fusion rate because of its excellent biocompatibility and easy
absorption, given its high failure rate, its clinical application needs
to be further explored and studied.

Mg has a similar mechanical behavior to natural bone, good
bone conduction activity, and radiation transparency, so it is
widely regarded as a potential ideal absorbable orthopedic
material superior to traditional metal and other
biodegradable implants (Wang Y et al., 2020). The density of
Mg and its alloy is close to that of human bone mineral, and its
elastic modulus is about 45 GPa, which is lower than that of
TigAl4V, tantalum, and other implantable metals (Staiger et al.,
2006). Furthermore, it has been shown that implant-derived Mg
induces local neuronal production of calcitonin gene-related
polypeptide-a to improve bone-fracture healing (Zhang et al.,
2016). The Mg”" released from the degradation of Mg-based
implants is considered an effective material to promote
osteogenesis, but there are few studies on Mg-based implant
fusion. Through degradation, interbody fusion, and
biocompatibility testing of a goat cervical vertebra model,
Guo et al. found that Mg-based interbody fusion cage had
better histological fusion, but the total fusion area needed to
be improved. This is the first report of successful histological
fusion of a Mg-based interbody fusion cage (Guo et al., 2020).
The main obstacle to limiting the clinical application of Mg-
based cages is the adverse reactions caused by the rapid
degradation of Mg. The degradation rate is faster in the first
3 weeks after implantation, then slows down gradually
thereafter. However, excessive Mg accumulation caused by
rapid implant corrosion will lead to a severe foreign body
reaction, tissue stimulation, decreased mechanical strength of
new bone, and abnormal precipitation of calcium, which will
eventually hinder osteogenesis. Moreover, Mg generates a large
amount of hydrogen during the corrosion process, resulting in
tissue loosening or excessive pressure, which is not conducive to
bone formation (Wessels et al., 2012). This may be because Mg
scaffolds corrode faster than new bone formation, leading to
local scaffold collapse, resulting in differences in intervertebral
pressure and ultimately leading to fusion failure (Staiger et al.,
2006). In an experiment of a silicon-coated Mg alloy (AZ31)
fusion cage in a goat cervical vertebra model, Zhang et al. found
that excessive Mg accumulation could inhibit the formation of
new bone, the intervertebral Mg ion concentration increased
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significantly after implantation, and the intervertebral Ca/P
ratio decreased under the condition of high Mg
accumulation, which may be the main reason for the failure
of interbody fusion (Zhang F et al., 2018). However, there is only
a single case of successful fusion in the literature; moreover,
even after modification to balance the degradation rate, the
fusion region is still too small to meet clinical needs, so more
research is needed to improve it. It is a feasible method to slow
down the degradation rate of Mg by reducing the purity of Mg
(Changetal., 2020). At present, Mg as an intraspinal plant is still
in an exploratory stage, and its clinical application requires
more experimental support.

Ceramic Materials

Bioceramics have inorganic components similar to natural bone
which are widely used for bone tissue scaffolds fabricating. Due to
its similar composition to natural bone, bioceramics present a
significant osteogenic differentiating capability (Dxa et al., 2020).
Bioceramic materials consist of calcium phosphate ceramics
(CaP) such as hydroxyapatite (HA), tricalcium phosphate
(TCP), and bioglass (Zhao et al, 2021). It is known that the
biologically active CaO-SiO0,-P,0s5-B,0; glass—ceramic can
chemically combine with bone to form a carboxyapatite layer
to promote the differentiation of human bone marrow
mesenchymal stem cells into osteoblasts. Li et al. found that
the fusion rate and improvement of clinical symptoms of CaO-
Si0,-P,05-B,0; glass—ceramic spacers were similar to those of Ti
cages. In an in vivo model, cylindrical implants showed better
osseointegration with adjacent bones than HA, and the surface
coating was found to improve the osseointegration of the implant,
while its compressive and flexural strength were >2 times that of
HA alone. The compressive strength of CaO-SiO,-P,05-B,0;
glass—ceramics is 4 times that of PEEK and 1.3 times that of Ti,
respectively. However, this increased mechanical strength
correlates with a greater risk of sinking in patients with
osteoporosis (Lee et al, 2016). Ceramic implants made of
silicon nitride show better biocompatibility and bone
conductivity and are expected to reduce complications like
subsidence and displacement. Kersten et al. compared a silicon
nitride interbody fusion cage and PEEK interbody fusion cage in
patients with symptomatic degenerative lumbar disc disease for
the first time, but their results have not yet been published
(Kersten et al., 2014). HA is a widely used ceramic biomaterial
because it is the basis of bone tissue. In addition, it also provides
enough matrix for the endogenesis of tissue in the process of bone
regeneration. It generally needs to be used in combination with
other materials. When the scaffold is made of chitosan and HA in
a ratio of 20-80, scaffold has both elasticity and an osteogenic
ability. In a mouse spinal fusion model, a chitosan/HAp
composite scaffold showed good biocompatibility and
sufficient spinal stability and induced solid and well-structured
bone regeneration (Rodriguez-Vazquez and Ramos-Zuniga,
2020). In addition, a hollow HA/polyamide 66 stent (HA/
PA66) has been used in anterior cervical reconstruction. Liang
et al. verified in a goat cervical fusion model that porous HA/
PA66 with a 300-pm pore size is more conducive to bone growth
and can more effectively promote interbody fusion, providing a
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FIGURE 6 | (A) Scanning electron microscopy was used to examine the surface topography of NanoMetalene (NM) and PEEK at magnifications of x500, 5,000x,
20,000x, and 50,000x. (B) Micro-CT image reconstructions in the middle of an aperture at 4 and 8 weeks in the sagittal plane for each group. Group 1 was coated with
NM on all surfaces, Group 2 had a NM coating inside the apertures with a PEEK outside, and Group 3 had PEEK with no coating. (C) A typical higher-magnification visual
of the outside of the NM-coated surface and PEEK implants at 4 and 8 weeks. Direct bone contact with the Ti coating with NM occurred at 4 weeks, which
improved over time to 8 weeks. PEEK surfaces presented a typical non-reactive fibrous tissue interface at 4 weeks, with some focal bone contact at 8 weeks. (D) PMMA
histology in the middle of the apertures at 4 and 8 weeks in the sagittal plane (Walsh et al., 2018).

potential application prospect for intervertebral reconstruction
after vertebrae resection (Liang et al., 2020).

4 POST-PROCESSING TECHNIQUES
Coating

Coating technology is also widely used in orthopedic implant
modification. The coating of the cage can modify the surface of
the material to amend and increase its surface roughness without
changing its biomechanical properties. Coating an interbody cage
reduces the vertebral body subsidence and pseudoarthrosis (Rao
et al.,, 2014; MacBarb et al., 2017). Coating techniques, including
plasma spraying, chemical vapor deposition, metal-organic
chemical vapor deposition, electrochemical vapor deposition,
molten coating, physical vapor deposition, thermal or diffusion
conversion, and sol-gel, have been used to deposit micron and
nanometer coatings on various substrates, including Ti and its
alloys. Nano-coating technology refers to thin films with
thicknesses of 1-1,000 nm or those less than micro-coatings
(<1 pm) (Choi et al, 2020). Here, we will introduce the
coating techniques commonly used in interbody fusion.

Gunzburg et al. verified that a PEEK material coated with
nano-Ti can achieve greater spinal stiffness than a pure PEEK
material in spinal fusion using a goat model (Gunzburg et al,,
2019). The Ti coating on PEEK retains the physical properties of
the PEEK substrate and contains a surface that reacts better with
the host. Ti-surfaced PEEK implants allow for earlier and better
fusion of new bone formation and remodeling by increasing the
anchorage of osteoblasts in the endplates and wells. The Ti
coating aids in bone formation and remodeling. This is
accomplished by  stimulating  the  production  of
osteoprotegerin, transforming growth factor (TGF)-f1,
vascular endothelial growth factor (VEGF) A, fibroblast
growth factor (FGF), and angiopoietin 1. Local levels of these
factors were higher in Ti-coated implants than smooth TigAl,V
or PEEK alloys (Bassous et al., 2019; Ohanisian and Dorsi 2019).
In a prospective evaluation of 45 patients undergoing ACDF,
Krayenbuhl et al. achieved good interbody fusion with a low
complication rate by placing an empty plasma hole-covered Ti
cage after anterior cervical microsurgery. Disc height and lordosis
can be preserved with a low incidence of subsidence and good
fusion rates (Krayenbiihl et al., 2008). Walsh et al. (2018) found
that newly formed bone grew along the surface of a nano-
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FIGURE 7 | (A) Gross images of TPS-coated and additive-manufactured (AM) discs (top). Cross-section images taken from stereological analysis (oottom). (B)
Representative scanning electron microscopy images of unseeded TPS-coated and AM discs (top left). Discs after 3 weeks of culture with human 1.19 fetal osteoblast-
like (hFOB) cells (bottom left) and of human cancellous bone allograft to show the target surface topography (top right). Representative scanning electron microscopy
images of nano-crystalline HA coating on an AM disc (bottom right). (C) Two-way analysis of variance of AM compared to TPS-coated discs with and without a
nano-crystalline HA coating for alkaline phosphatase activity. (D) Two-way analysis of variance of AM compared to TPS-coated discs with and without a nano-crystalline
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Ti-coated PEEK fusion cage in a sheep model. On the other hand,
the surface of PEEK cage shows non-reactive fiber tissue at the
interface (Figure 6). The coated PEEK fusion cage had good
adhesion and proliferation of bone marrow stromal cells
(BMSCs) and can induce a higher cell growth rate and
alkaline phosphatase level, which can promote bone growth
(Liu et al., 2017).

The common method to enhance osteoblasts’ response to a
material is to apply HA to the surface of cage (MacBarb et al,
2017; Walsh et al., 2018). Sierra et al. 3D-printed a lumbar cage
with HA coating and found that it had good biocompatibility
through in vitro analysis, characterization, and testing (Serra
et al., 2016). McBarb et al. designed and compared Ti plasma
spray (TPS) coatings with and without nano-crystalline HA
coatings. Their in vitro experiments showed that the HA
coating achieved better cell proliferation and osteogenic
capacity compared to the uncoated TPS, but the difference
was not statistically significant (MacBarb et al., 2017) (Figure 7).

The natural extracellular matrix protein is considered a
candidate material for the development of biomaterials that
can induce specific cell behaviors. As a surface coating of
biomaterials, the purified protein can change the proliferation
and differentiation of stem cells and the retention of growth
factors, which provides a new idea for the coating technology of

printing materials. This could be explored in future experiments
(Xing et al., 2020).

Internal Fillings

Obtaining good biocompatibility of fillers through internal filling
of stents, promoting local proliferation, and obtaining a good
osteogenic ability to promote interbody fusion are commonly
used methods in basic experiments and clinical practice of spine
surgery. Additives such as drugs, growth factors, and platelet-rich
plasma (PRP) are added to the pre-designed porous interbody
fusion cage by means of negative pressure suction, direct filling,
and immersion (Bai H. T. et al., 2020; Leng et al., 2020).

4.2.1 Drugs

4.2.1.1 Simvastatin

Opver the years, statins have been widely used to lower cholesterol
and reduce the risk of heart attack (Song et al., 2003). SIM, an
inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMG-CoA), which has the advantages of a low price, good
safety, and ability to promote bone growth in a prosthesis (Jin
et al,, 2021). SIM overcomes the shortcomings of the high cost
and short half-life of biological factors like BMP-2 and VEGF
used in previous studies (Zhang et al., 2020a). Topical application
of SIM has a good effect on bone formation. Moreover, local
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FIGURE 8| (A) The distribution of the cages in the lumbar interbody spaces, the geometrical parameters of the cages, and a screw hole included on one end of the
cage. (B) Characterization of the intra-porous morphology in cages using scanning electron microscopy, which showed that the bone formation in the cages of the SIM
group was very dense. (C) Bone ingrowth in the cages (yellow represents new bone) at 2 and 4 months. For each cage in the different fused segments, the upper panel
shows 3D-reconstructed images of the cages, and the lower panel shows axial 2-dimensional images of the cages (A). Osseointegration around the cages (gray in

the upper panel and yellow in the lower panel both represent new bone in cages) (B). (D) Coronal fused positron emission tomography/CT, CT, and positron emission
tomography and a locally enlarged image of the macaques at 2 and 4 months, respectively (Zhang et al., 2020a).

application of PLA has achieved good results in experiments of
bone formation promotion and bone defect healing (Zhao et al.,
2014; Tan et al., 2015). Using porous Ti cage filled with SIM/
poloxamer 407 hydrogel in a rhesus monkey interbody fusion
model, Zhang et al. found that 3D-printed porous scaffolds
containing SIM hydrogel promoted bone growth and spinal
fusion. They also speculated that, in the early stage of
osteogenesis, the continuous release of SIM from the hydrogel
promotes the production of endogenous biological factors, such
as BMP-2 and VEGF, which are key regulators of bone formation
and angiogenesis during bone regeneration. However, with the
passage of time, due to the body’s metabolism, the osteogenic
effect of SIM gradually decreases (Zhang et al., 2020b) (Figure 8).

4.2.1.2 Strontium Ranelate

SRR is an oral drug used for the prevention and treatment of
osteoporosis. Different from other anti-osteoporotic drugs, SRR
has unique dual effects on bone formation and bone resorption.
At the same time, it reduces bone decomposition, stimulates bone

reconstruction, prevents bone loss, improves bone strength, and
reduces the risk of fracture (Rodrigues et al., 2018; Demirel and
Kaya 2020). However, oral SSR may have no synthetic metabolic
effect on human bone formation et al., 2018, Marx et al., 2020).
Tai et al. found that SRR treatment had a relatively mild effect on
bone strength and bone remodeling and confirmed its better
interbody fusion through histological and mechanical tests in a
mouse interbody fusion model, suggesting that SRR treatment
can be used as a replenish for human interbody fusion, although
an interbody fusion cage was not used in this mouse model. This
experiment provides a new idea for interbody fusion under the
umbrella of osteoporosis (Tsai et al., 2017).

4.2.2 Platelet-Rich Plasma

PRP obtained by centrifugation is a plasma product containing
high concentrations of various growth factors, including platelet-
derived growth factor, insulin-like growth factor (IGF), and TGEF-
B. PRP is known to play an important role in fracture healing. A
large number of studies have shown that PRP-modified scaffolds
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have a positive effect on bone regeneration and can significantly
promote the repair of bone defects (Lowery et al., 1999; Carreon
et al., 2005; Leng et al., 2020; Sochacki et al., 2020; Andrade et al.,
2021). The application of PRP in a rat spinal fusion model
significantly accelerated the speed of interbody fusion without
any complications (Shiga et al., 2016). In addition, lyophilized
PRP is also widely used due to its advantage of easy storage.
Compared to traditional PRP, lyophilized PRP-coated Ti more
strongly promoted the cell viability and osteogenic differentiation
of BMSCs and triggered better bone formation. Interbody fusion
provides a new idea (Qiao et al, 2020). It can be seen from
previous literature that there are no animal experiments of
interbody fusion cages combined with PRP, but PRP’s role in
promoting interbody fusion has been tested alone, which
provides a direction for future experiments and research.

4.2.3 Growth Factors

Soluble growth factors obtained by protein separation and
molecular cloning techniques include TGFs, BMPs, IGFs,
FGFs, and epidermal growth factor. However, only some of
these growth factors showed a significant bone-induction
ability (Kandziora et al., 2003).

4.2.3.1 Bone Morphogenetic Protein

BMP has attracted wide attention because of its inherent potential
to improve the process of ossification and induce pluripotent
progenitor cells to differentiate along the direction of
osteogenesis. RhBMP-2 is an osteoinductive protein that has
been used to promote spinal fusion and can induce fusion
when used as an implant with a suitable carrier, such as an
absorbable sponge (Boden et al., 2000; Burkus et al., 2017). BMP
acts as a signal to stimulate BMSCs to migrate to the implantation
site and induces marrow stromal cells (MSCs) to proliferate and
differentiate into osteoblasts (Grgurevic et al., Bae et al., 2016).
Previous studies on BMP-2 engraftment have shown that it has
many effects, including angiogenesis, cell recruitment, and even
promotion of mesenchymal and hematopoietic progenitor cell
proliferation. However, new research suggests that BMP behaves
differently at different doses (Burkus et al., 2002; Meisel et al.,
2008). By adding RhBMP-2 to the fusion cage, Pan et al. found
that, although BMP accelerated the speed of interbody fusion, it
also produced a significant inflammatory response. In clinical
applications, BMP may lead to local adverse structural changes
and eclectic bone biomechanical changes, osteolysis, and
trabecular thinning (Pan et al, 2017). Sethi et al. found that
the use of RhBMP-2 can increase the fusion rate, but the
incidence of pre-vertebral soft tissue swelling also increases
(Sethi et al, 2011). The most common adverse reactions
include accidental swelling and inflammation as well as
inflammatory cyst formation. Although there is no difference
in clinical effect between interbody fusion and autograft
placement, BMP can also lead to endplate absorption, sinking,
increased incidence of cage migration, osteolysis, and ectopic
bone formation (Sethi et al., 2011; Michielsen et al., 2013; Burkus
et al, 2017). Use of RhBMP-2 is strictly limited in clinical
applications. It is relatively effective in achieving bone fusion,
and the fusion rate is similar to that of patients receiving
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autografts. The incidence of complications was similar between
autografts and BMP, but the rates of radiculitis and serum tumor
were slightly higher in the BMP group (Khan et al., 2018). There
was no significant difference in fusion rate between low and high
doses (low: 33.3% and high: 46.7%), but a high dose could easily
lead to an increased incidence of osteolysis, adverse events, and
swelling (Okada et al., 2020). During a postoperative evaluation of
17 patients with lumbar degenerative disease after implantation
of a PEEK interbody cage with 212 mg of a RhRBMP collagen gel
sponge, Meisel et al. found that there was no significant difference
between the fusion rate and autologous bone graft, but there was
temporary bone resorption around the fusion cage at 3 months
without subsidence, pain, or complications (Meisel et al., 2008).
In a sheep interbody fusion model, Bae et al. used an absorbable
sponge with different doses of RhBMP-2 in a customized PEEK
interbody fusion cage and found that the osteoclast activity and
the corresponding peri-implant bone resorption rate were dose-
dependent and reached a peak 4 weeks after operation (Bae et al.,
2016). Grgurevic et al. induced complete spinal fusion with
recombinant human RhBMP-6 based on an autologous blood
coagulant (ABC) in sheep model. The best dose was 100 ug of
RhBMP-6/mLABC (Grgurevic et al.) (Figure 9). An absorbable
collagen sponge soaked in recombinant BMP-2 and recombinant
BMP-7 combined with bovine collagen have been approved as
substitutes for biological bone grafts to close gaps and repair
delayed and non-union fractures. Among them, the incidence of
complications in different positions is varied. Anterior cervical
approach always causes the most serious side effects including
anterior cervical edema, osteolysis, graft sedimentation and
wound infection. Followed by posterior cervical approach
which can cause posterior neck pain. The side effects in
anterior and posterior lumbar approaches are relatively mild.
Moreover, the tumorigenic effect of BMP should also be noted
(Joseph and Rampersaud, 2007). In summary, BMP can
significantly promote spinal fusion in the short term, but its
side effects and dose sensitivity limit its wide application.
Currently, BMP-2 has been proved by Food and Drug
Administration (FDA) and used as an INFUSE Bone Graft
(Medtronic Sofamor Danek) clinically. The recommended
dosage varied between studies, and we draw a comprehensive
conclusion among references that 1.5 mg/cm3 is deemed as an
ideal effective concentration of BMP-2 (Sethi et al., 2011).
Moreover, the following researches should continuously focus
on the appropriate BMP dosage weighing the biosafety and
effectiveness.

4.2.3.2 Combination of IGF and TGF-f3

When the combination of IGF and TGF-f is used for spinal
fusion, it can achieve mutual promotion. By adding IGF and
TGEF-P to HA-coated cages in a goat cervical fusion model, Gu
et al. found the cage with IGF and TGF-p had significantly higher
tensile strengths in extension and scoliosis compared to the other
groups, indicating that they achieved better spinal fusion (Gu
etal,, 2013). Kim et al. used a fusion cage with IGF combined with
TGF-B in a cervical fusion sheep model and found through
quantitative CT that the fusion cage group with IGF combined
with TGF-p showed significantly higher values for bone mineral
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FIGURE 9 | (A) ABC/allograft devitalized bone particles (ALLO) (black arrows) without RnBMP-6 induced formation of fibrotic tissue at days 7 and 35 without any

sign of new bone formation. ABC/ALLO with RhBMP-6 had induced new bone formation by day 7 (yellow arrows), and advanced creeping substitution of ALLO with new
bone was observed on day 35 (blue arrowhead). (B) Overall micro-CT analyses of ABC/ALLO implants without and with RhnBMP-6 are shown in the top row, only ALLO
particles are visualized in the middle row, and the bottom row shows the newly formed bone (images obtained upon subtracting the ALLO particles from overall
micro-CT images), respectively. Note the formation of new bone by day 7, with significant formation by day 35 in ABC/ALLO implants that contained RhBMP-6. ABC/
ALLO alone did not induce bone either at 7 or 35 days after implantation. (C) Morphometric analysis of ALLO volume in implants on days 7 and 35, indicating a significant
decrease in ALLO volume and increased amount of bone in the presence of RnNBMP-6. (D) Histology of ABC implants without and with ALLO harvested at 14 weeks after
surgery in a rabbit model. Note the newly formed bone with a dense trabecular structure with laid-down osteoids at the surface (black arrows), pronounced bone
remodeling with numerous blood vessels (yellow arrows), and the newly formed trabeculae assimilated with ALLO (blue arrows) (Grgurevic et al.).

OALLO
mALLO +rhBMP6 404 ®mALLO +rhBMP6

504
s — 35
£ 3
~— 404 £ 307
@ =
£ L ss
= g 254
S 30 5 *
T > 20
o +
2 204 2 154
E(' [s)

m

Day 7 Day 35

density, bone mineral content, and bony callus volume at
12 weeks after implantation. This shows that these growth
factors can improve the formation of the intervertebral bone
matrix, but their long-term effects need to be further explored
(Kim et al., 2015). By adding BMP and IGF/TGF-p into a Ti cage
in a sheep cervical fusion model, Kandziora et al. found that the
early fusion effects of BMP and IGF/TGF- were similar. The
callus in the BMP group and IGF/TGF-f group had higher bone
mineral density and biomechanical stability during extension,
rotation, and bending (Kandziora et al, 2002). This fully
illustrates the strong potential of the combined use of IGF/

TGF-p in spinal fusion and provides a strong basis for future
clinical use.

4.2.4 Allogeneic Material

Allogeneic cancellous bone, tricalcium phosphate, decalcified
bone matrix (DBM), mineralized collagen, biphasic calcium
phosphate, and other alternative materials have been
successfully applied to the additives of interbody fusion cage,
and good results have been obtained (Cho et al., 2005; Dai and
Jiang 2008; Liao et al., 2008; Topuz et al., 2009; Scholz et al., 2010).
Among them, CS is a kind of bone-substitute material. CS
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SCHEME 1 | Schematic diagram of an interbody fusion cage. Design and application of the interbody cage.

# Factors
@ Drugs

particles have been successfully used as implantable fillers in the
treatment of periodontal bone defects and long bone defects
(Thomas and Puleo 2010; Baranes and Kurtzman 2019). DBM
has been proven to have the potential for bone conduction and
bone induction because of the proteins and various growth
factors present in the extracellular matrix. DBM alone can
induce good bone bridging in lumbar interbody fusion, but
the effect is still not as good as that of autogenous bone graft,
so it is recommended that DBM be combined with other
materials. Xie et al. found that, although the curative effect
and fusion rate of a PEEK interbody fusion cage filled with
CS/DBM and autogenous bone filler were similar, CS/DBM
instead of autogenous bone had the advantages of less
intraoperative blood loss and fewer complications at the donor
site, so it is a good substitute for autotransplantation (Xie et al.,
2015). Biomineralized collagen has a good osteogenic ability, and
the osteogenic ability of adjacent bone surfaces has a profound
clinical application value, showing a potential application
prospect. In clinical cases, Barlocher et al. found that,
compared to an autologous bone graft and threaded Ti cage,
polymethyl methacrylate (PMMA) appears to be a good
alternative  to  cage-assisted fusion.  Although many
complications caused by autologous transplantation are
avoided, the inability to achieve bony fusion still limits its use
(Birlocher et al.,, 2002). Kong et al. created a new biomaterial
mineralized collagen-PMMA bone cement by injecting
mineralized collagen into PMMA. It was found that PMMA

bone cement showed a good osteogenic ability in a sheep
model, but this finding needs to be verified in further clinical
transformational experiments. Minimally invasive injectable
lumbar interbody fusion with mineralized collagen-PMMA
bone cement has far-reaching clinical value and shows
potential application prospects (Kong et al, 2020). However,
not all allogeneic fillers are conducive to fusion. Cho et al. found
that the fusion effect of a fusion cage containing biphasic calcium
phosphate ceramic was lower than that of autogenous iliac bone
graft and delayed the fusion period (Cho et al., 2005).

5 INTERBODY FUSION CAGE PROSPECTS

At present, there are many kinds of cages used in clinical and
basic experiments that need to be chosen according to their
respective advantages and needs. In this review, we list the
advantages of different cage materials, internal implants,
design methods, and post-processing to inform our use and
selection.

In orthopedics clinics, the design of microporous fusion cages
is particularly suitable for bone ingrowth and osseointegration,
and the research on microporous structures is relatively mature.
There are many studies on bone ingrowth with different
porosities and pore sizes. Generally, the porosity is 65-80%,
and its structure and mechanical properties are similar to
those of trabecular bone. A pore size of 50-500pm is
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conducive to the adhesion, proliferation, and differentiation of
bone cells. With the innovation of additive manufacturing
technology, production now offers unprecedented means of
structuring and customization, and the complex anatomy of
the spine is very suitable for patient-specific equipment.
Improving implant designs through the 3D-printing process
may improve osseointegration and reduce the sinking rate.
Combined with the current, relatively popular approach of
finite element analysis, the preliminary design can be
established to analyze whether the elastic modulus under
different porosities and pore sizes is similar to that of human
bone so that better spinal fusion can be obtained. In addition,
topoisomerism technology can render the contact area between
the implant and bone larger, which will make bone ingrowth
easier. At present, there is no interbody cage with a fixation device
available in the implant itself, which is also a direction that can be
explored. Combined with these technologies mentioned above, a
relatively suitable interbody cage can be obtained before
implantation, and then basic and clinical experiments are
performed to verify the performance.

Nowadays, the 2 most commonly used materials of interbody
fusion cages are Ti alloy and PEEK. While Ti alloy materials
have good biocompatibility, their excessive strength is likely to
cause fusion. Conversely, the strength of PEEK is similar to that
of human bone, and it is often used because of the easy detection
of transmitted rays, but its biological inertness limits its further
use. However, by modifying the PEEK material or adding other
compounds to print the cage, its biocompatibility has been
improved. At present, the CS/PEEK cage has been proven to
promote interbody fusion, but mixtures with other ceramic-like
materials have not appeared, which provides a direction for
future research. Tantalum, Mg, and their alloys and absorbable
materials have relatively few applications, and their respective
deficiencies limit their usefulness. In the future, a new Mg alloy
will not fail due to rapid absorption and local collapse; instead, it
will achieve a balance between the new bone and the Mg alloy
scaffold to perfectly support the pressure between the vertebral
bodies before eventually being perfectly replaced by the new
bone. Other absorbable materials, such as PLA, can be modified
to achieve a degree of compressive strength that can support
intervertebral pressure, rendering this issue no longer a
problem. In addition, copper alloys, cobalt alloys, and
memory metals with antibacterial properties will provide new
options for vertebral body fusion under different physiological
conditions.

Transplantation of autologous bone and allogeneic bone is the
most common method for interbody fusion, offering
biocompatibility and no obverse adverse reactions. In addition
to the above 2 materials, there are other internal plants and drugs
that are conducive to osseointegration. Materials such as SIM,
BMP, biomineralized collagen, and PRP all show good bone
ingrowth induction function, but there are no precise data to
guide their dosage, and further exploration and experiments are
necessary. In the future, through research, there will be guidelines

Osteogeic Biomaterials for Interbody Fusion

developed to standardize their use and dosage. In addition, it is
known that, in the process of bone formation, different growth
factors are required in different stages. In the future, different
drug-release systems will be constructed, and different doses of
drugs will be released at corresponding times to regulate
intervertebral bone formation.

To sum up, interbody fusion is a process of bony fusion. The
selection of materials and additives for general interbody cages
serves to enhance their osteogenic properties, but, when
designing an interbody cage, the developer must consider that
the device needs to withstand the pressure from upper and lower
vertebrae; otherwise, the collapse of the implant will lead to fusion
failure.

6 CONCLUSION

Good selection and use of the interbody cage are essential in the
prognosis of clinical spinal interbody fusion. However, there is
still a shortage of systematic discussion of its usage to date. This
review focused on the design, materials, and post-processing
technologies of the interbody cage. 3D printing is commonly
used in the design work, and the design of porous structures is
conducive to the ingrowth of new bone, which is more effective in
improving the fusion rate. Other special types of interbody cages
have been designed to reduce the difficulty of surgery or to
facilitate fixation. Ti alloy and PEEK are the more commonly
used materials for interbody cages. Other materials are less
frequently used; among them, Mg alloy is an absorbable
material, and its rapid absorption limits its use. In addition,
post-processing technology is also important, including coating
technology and internal additives. Ti and HA coatings are more
commonly used, and studies so far have found that coating
technology can improve spinal fusion to a certain extent.
Internal additives, including SIM, BMP, and PRP, can
promote bone formation through their own metabolism;
however, there are few related studies at present, which
provides a direction for future research.
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Background: The current study investigated the application of three-dimensional (3D)
printing technology in the treatment of talar avascular necrosis (TAN). Custom-made
Vitallium talar prostheses were designed and generated via 3D printing. We hypothesized
that these talar prostheses would facilitate more stable positioning, better ergonomically fit
the ankle joint surfaces, and promote favorable long-term prognoses.

Material and Methods: Computed tomography scans of both ankle joints were acquired
from three patients diagnosed with TAN. The talar on the unaffected side was used as the
design blueprint. Hence, with the aid of 3D printing technology a customized talar
prosthesis made from a novel Vitallium alloy could be manufactured for each individual
patient.

Results: In all three cases there were no signs of prosthesis loosening or substantial
degenerative change in the surrounding area of the joint, but small osteophytes were
observed on the tibial side and navicular side. No chronic infection or other prosthesis-
related complications were observed in any of the patients. All three were able to walk
without pain at the most recent follow-up.

Conclusion: With the aid of 3D printing and a novel Vitallium alloy, total talar replacement
achieved encouraging results in 3/3 patients. All patients were satisfied with their joint
function, and were able to return to their daily activities without limitations. Although more
cases and longer-term follow-up periods are required, the success rate reported herein is
encouraging.

Keywords: total talar replacement, 3D printing, talar avascular necrosis, Interface structure design, bionic
prosthesis Interface

BACKGROUND

The talus is a bone with five articulating surfaces, and nearly 60% of its surface is covered with
articular cartilage. It plays a vital role in the daily functioning of the ankle joint. (Lee et al., 2020)
Because the majority of the talus’ surfaces are in seamless contact with surrounding bones, the blood
supply provided by its remaining bone surface is very fragile and extremely sensitive to injury and
other systemic processes that impede blood flow. (Gelberman and Mortensen, 1983) Therefore, talar
avascular necrosis (TAN) has been a great challenge for foot and ankle specialists. Treatments for
end-stage diseases causing TAN such as advanced ankle arthritis and ankle osteomyelitis remain
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limited. Treatment options include talus resection, total ankle
arthrodesis, total ankle arthroplasty, and below-knee amputation.
(Parekh and Kadakia, 2021) Generally ankle joint fusion surgery
can provide a stable joint for daily activities, with acceptable
follow-up results. In patients with bilaterally affected ankle joints
however, ankle arthrodesis in both joints often leads to
deterioration of joint function in association with activities
such as climbing stairs, getting out of a chair, walking on
uneven surfaces, and running wherein flexion and extension of
the ankle joints are needed, resulting in poor long-term follow-up
results. (Hintermann et al., 2009; Bussewitz et al., 2014; Schuberth
et al., 2020) Fusion surgery is also associated with long recovery
times, and a proportion of patients exhibit compromised bone
healing. (Fragomen et al., 2012) Total ankle replacement (TAR) is
another viable treatment option for such ankle diseases, but
unfortunately complications of TAR such as component
loosening, subsidence, and collapse limit long-term prognoses.
Hence, more optimized options should be considered.

Total talar replacement (TTR) has recently received increased
attention from foot and ankle specialists as an alternative treatment
method in select cases. Since the first reported case in 2010,
(Tsukamoto et al,, 2010) TTR has achieved satisfactory outcomes
in the treatment of talus necrosis and severe crush fracture.
(Angthong, 2014; Taniguchi and Tanaka, 2019) Due to the
unique anatomic form of the talus, the vital element for a
successful prosthetic TTR is the congruency of the custom-made
implant with the adjacent joints. (Mu et al.,, 2021) Despite the rapid
development of TTR prostheses however, full reconstruction of the
anatomic features of a native talus—which would optimally stabilize
and maintain normal ankle function—remains a challenge. (Ando
et al,, 2016) Three-dimensional (3D) printing technology integrated
with computed tomography (CT) imaging and computer-aided
design has now been widely used in surgical planning and
custom-made implant design, to achieve anatomic accuracy in
talar prosthetic design and production. (Akoh et al, 2020; Mu
et al,, 2021) 3D printing has shown tremendous potential for the
design and production of refined structures with irregular shapes
and free surfaces such as the talar body. Thus, the utilization of 3D
printing technology in conjunction with TTR may be a promising
way for surgeons to provide more personalized, anatomically
accurate, and above all more durable surgical solutions with
better long-term prognoses.

The current study investigated a prosthetic design and
production process incorporating a combination of computer-
aided design and 3D printing technology. Using the process, three
patients with idiopathic talar necrosis were treated via TTR with a
Vitallium prosthesis. We hypothesized that these 3D-printed
prostheses would facilitate more stable positioning, better
ergonomically fit the ankle joint surfaces, and promote
favorable long-term prognoses.

MATERIAL AND METHODS
Ethics Approval and Consent to Participate

This study was conducted in accordance with the principles
outlined in the Declaration of Helsinki, and was approved by

TTR With Custom-Made Vitallium Prosthesis

the Ethics Committee of the Second Hospital of Jilin
University, China. Written informed consent to participate
was obtained from all patients involved in the study. Patient
data were kept anonymous to ensure confidentiality and
privacy.

Patient Characteristics

Between 2015 and 2019 three women aged 45-58 years with
idiopathic talar necrosis underwent TTR with custom-made
Vitallium prostheses designed by our team. Physical
examinations, visual analogue scale (VAS) pain scores, and
American Orthopedic Foot and Ankle Society (AOFAS) scores
were recorded. Weight-bearing, anteroposterior, and lateral-view
x-rays and magnetic resonance imaging were performed to
confirm each diagnosis (Figure 1). CT scans of affected and
unaffected sides were performed to facilitate the design and
production of the prostheses. Patient characteristics are listed
in Table 1.

Data Acquisition and Image Processing
Bilateral ankle joint imaging data were acquired using a 64-slice
spiral CT scanner (Philips Corporation, Japan; x-ray tube current
232 mA and KVP 120 kV, slice thickness 1 mm, reconstruction
interval 1 mm).

Prosthesis Design and 3D Printing Process
DICOM files obtained via CT scanning were acquired from all
patients. Both the normal and the lesion sides of the talus were
reconstructed using Mimics 17.0 software (Materialise Inc.,
Belgium). The normal side’s morphological features were
considered the standard for the reconstruction of the talus
prosthesis (Figure 2). For the patient with a bilaterally affected
talus (case 3), according to previous research, the prosthesis
design was based on the imaging data from the less distorted
side to restore the initial shape of the talar. The 3D
reconstructed model of the less affected talar was trimmed
in CAD software, compared with the mirror images of both
sides to recover the damaged lesion to the talar. (Taniguchi
et al, 2012) The dimension parameters were readjustment
according to the patient’s height and weight condition
collected by our team. (Han et al., 2019) The reconstructed
3D model was then smoothed and wrapped using Mimics. The
standard template library model was exported into Geomagic
Studio 12.0 (Geomagic Inc., United States). The talus was
smoothed repeatedly during this process via automatic and
manual methods, until the overall and local details were
satisfactory. The standard template library model was
mirrored and compared with the talus of the lesion side.
The size was rescaled several times until the implant model
was consistent with the affected side (Figure 3). The prosthesis
model was then exported to Magics 13.0 software (Materialise)
to be sliced for printing. Vitallium alloy was used for 3D
printing, which was conducted with the aid of Arcam EBM
Q10plus. The printed prosthesis” surfaces were then polished
to reduce abrasion. Lastly the prosthesis was post-processed
via ultrasonic cleaning, fine cleaning, and drying
(Figure 4A-4C).
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FIGURE 1 | Preoperative weight-bearing anteroposterior and lateral views of patient 1 (A,B). TAN was confirmed by magnetic resonance imaging (C,D).

TABLE 1 | Patient details.

Patient no. 1 2 3
Age/gender 58/F 45/F 46/F
Involved side L L bilateral
Duration of symptoms (months) 24 18 12
Diagnosis talar necrosis  talar necrosis  talar necrosis
Hospital stays (days) 6 7 6
Duration of follow-up (months) 78 52 29
Preoperative
AOFAS score 35 59 37 (L), 61 (R)
VAS score 7 6 9L, 6 R
Last follow-up
AQFAS score 89 98 82 (L), 85 (R)
VAS score 3 0 6L, 1R

Surgical Procedure
TTR was performed in accordance with previous studies. (Ando

et al,, 2016) An anteromedial incision was made between the
tibialis anterior and extensor hallucis longus tendons. The
articular capsule and ligament attachment of the talus were
dissected, and the talus was extracted. After the talus was
removed the calcaneus was retracted by hand, and the
prosthesis was fixed inside. The implant stabilized between the
tibia, calcaneus, and navicular, and exhibited no instability when
the ankle joint was moved. The wound was sutured using
absorbable sutures (#2-0). Ligament reconstruction was not
performed (Figure 4D). Postoperative radiography confirmed
the position of the 3D printed talar prosthesis (Figure 5). Each
patient was allowed to walk and bear weight with the help of a
walking boot after 1 week. To enable the surrounding soft tissues
to heal, ankle joint exercise was not permitted until 4 weeks after
surgery. All three patients could walk without an orthosis 4 weeks
after surgery.

Follow-Up

The patients were followed up at 6 months, 1 year, 3 years, and
every 2 years after surgery. Weight-bearing, anteroposterior, and
lateral view x-rays were taken to identify any signs of prosthesis
loosening or degenerative change in the surrounding area of the
joint. AOFAS and VAS scores, imaging, and videos of the patients
in motion were recorded.

RESULTS
Effects of Surgery

In all patients, the TTR operation was completed without any
intraoperative complications. The 3D printed prostheses fit the
original talar positions precisely and were enveloped steadily by
ligaments and soft tissues (Table 1). There were no signs of
wound infection, skin necrosis, or other surgical complications.
Motion ranges and ankle joint stability determinations are shown
in Table 1.

Follow-Up Results

The patients were followed up for 29-78 months. The most recent
follow-up scores are shown in Table 1. In all patients there were
no signs of prosthesis loosening or serious degenerative change in
the surrounding area of the joint, but small osteophytes were
observed on the tibial side and navicular side. No chronic
infection or other prosthesis-related complications were
observed in any of the patients after a mean follow-up of
53 months (Figure 6). The mean functional follow-up scores
(AOFAS) increased from 48.0 to 88.5. The sagittal motion scores
increased to normal or mild restriction in two patients, as did
inversion and extension functions. In all three patients, pain
scores had decreased markedly at the most recent follow-up. All
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reconstructed (D).

FIGURE 2 | DICOM files obtained via CT were processed using Mimics software. Bilateral talars were located based on CT data (A-C), and three-dimensionally

FIGURE 3| The affected talar was three-dimensionally reconstructed (A) and replaced using a mirror of the unaffected side in situ (B). The reconstructed 3D model
was then smoothed and wrapped until the overall and local details were satisfactory (C).

patients were able to return to their daily lives without any
walking aids. Patient 1 was a 58 year-old female patient who
presented with a complaint of pain and swelling of the left ankle
for 2 years. The patient was unable to walk without the help of
crutches. Before the surgery, the patient exhibited limited left
ankle movement, dorsiflexion was recorded to be 0°, while plantar
flexion was 15°. The AOFAS and VAS scores were 35 and 7,
respectively. In the last follow-up, the dorsiflexion was recorded
to be 30° and plantar flexion was 20°. The patient reported
moderate pain that occasionally occurred in the affected planta
pedis, leading to comparatively poor follow-up scores. That
patient was later diagnosed with plantar fasciitis and treated
via physical therapy, and her most recent VAS score indicates

slight improvement. Patient 2 was a 45 year-old female patient
with swelling and pain in the left ankle with limited movement for
18 months. Before the surgery, the dorsiflexion and plantar
flexion of the left ankle was recorded to be about 20°. The
AOFAS and VAS scores were 59 and 6, respectively. In the
last follow-up, the joint movement had shown noticeable
improvement. The pain in the left ankle was also completely
relieved. Patient 3 was a 46 year-old female who complained of
bilateral ankle pain with movement limitation for more than
1 year. The left AOFAS and VAS scores were 37 and 9, and the
right AOFAS and VAS scores were 61 and 6 before the operation.
The dorsiflexion was about 15° on both sides and the plantar
flexion was about 25° on both sides. Patient 3 complained of
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FIGURE 4 | The mirrored model of the unaffected talar was finely trimmed (A,B) then 3D printed via electron beam melting technology. The prosthesis’ surfaces
were then polished to reduce abrasion, and sterilized for clinical application (C). TTR was performed in accordance with previously described studies (D).

occasional pain in the left ankle while working. Physical
examination revealed tingling and numbness occurred on the
skin of the left ankle, which has led to an unsatisfied improvement
in follow-up score. Indicating a potential injury of the cutaneous
nerve. The patient refused our suggestion of neural block therapy.
Meanwhile, the pain score in the most recent follow-up has
slightly improved. Changes in this symptom remain to be
observed.

DISCUSSION

Conservative treatment is not a viable option for terminal-stage
TAN due to serious talar collapse and necrosis. Generally, small
osteochondral lesions of the talus can be treated with core
depression and bone grafting. All three patients in the current
series had suffered severe damage to the whole articular surface
and deformation of the talus however, therefore core depression
and bone grafting were no longer suitable. Joint arthrodesis was
also taken into consideration. The main drawbacks of ankle
arthrodesis are stiffness and the effects of foot kinematics and
ground reaction force progression of the foot, which can lead to
degenerative osteoarthritis of the midtarsal joint due to pressure
overload during walking. (Beyaert et al., 2004) Nonunion has
been reported in approximately 10% of arthrodesis cases.
(Haddad et al., 2007) Patient 1 would have had to receive
tibio-talo-calcaneal arthrodesis, and the risk of nonunion
would have been even greater. TAR was also an option to

restore ankle function. Unfortunately, residual bone quality
was relatively poor in all three patients, particularly with
respect to potential progression of TAN, therefore there was a
high associated risk of prosthesis loosening. In the present
patients, TAR was only considered to be a salvage therapy at
the present stage for patients with serious cartilage damage in the
contralateral joint surface. While for patients with minor cartilage
damage on the tibial plafond or calcaneal joint surface, reports of
TTR did not consider this condition as a contraindication.
(Taniguchi et al, 2015; Taniguchi and Tanaka, 2019;
Yamamoto et al, 2021) This strategy was also seen in the
studies of hemiarthroplasty of first metatarsophalangeal, in
these cases, minor cartilage damages were commonly seen in
the contralateral joint surface while the follow-up results noted
excellent pain relief, high patient satisfaction, low reoperation
rate, and no serious complications. (Butterworth and Ugrinich,
2019) Therefore, to avoid these limitations we opted for a custom-
designed talar prosthesis, which provides multiple advantages
such as negating specialized surgical techniques, reducing surgical
trauma and postoperative complications, a relatively short
recovery period, and preservation of joint function. At the
most recent follow-ups, there were prominent improvements
in joint function and quality of living, with no sign of
prosthesis loosening or subsidence.

As a bony structure of the ankle joint, the talus is unique
because it is devoid of any tendon or muscular attachments. The
stability of the talus is maintained mainly by osseous and
ligamentous structures. A thin cartilage profile measuring
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reconstructed results (B,D).

FIGURE 5 | The position of the 3D printed talar prosthesis was confirmed by postoperative radiography (A,C), and matched with the preoperative 3D

1.0-1.7 mm covered 70% of the surface of the talus with
extremely high compressive modulus and less elasticity, and
was more prone to subchondral changes. (Gelberman and
Mortensen, 1983; Burston et al., 2011) The -cartilaginous
interface of the talus between the tibial plafond, medial and
lateral malleoli, calcaneus, and navicular aids in even
distribution of weight-bearing forces on the ankle joint.
(Rodgers, 1988) Together the cartilaginous interfaces
withstand five times the weight of the body when walking, and
up to 13 times the weight of the body when running, making the
talus vital in the locomotive system but also rendering it
vulnerable to trauma and subchondral changes. (Shnol and
LaPorta, 2018) In a previous study talar prosthetic
replacement exhibited a high long-term failure rate due to
poor matching to patients’ individual talar anatomic and
biological features. (Harnroongroj and Vanadurongwan, 1997)
The talar prosthesis should have enough strength to brace the
dynamic mechanical changes in the ankle joint, and be precisely
matched to the complex morphological features of the
cartilaginous interface. Studies indicate that a proper fit of the
talus prosthesis correlates directly with long-term follow-up
results. (Harnroongroj and Harnroongroj, 2014; Ando et al,
2016) Based on these principles, in the patients in the current
series CT scanning of the unaffected side was used in conjunction
with 3D printing methods to reconstruct the original
characteristics of the talus. Via the 3D printing approach, the

prosthesis could be conveniently rescaled and manufactured.
Three sizes of talar prosthesis were prepared for our first
patient—original size, plus 1mm, and minus 1mm—to
simulate the thickness of the cartilage. The original sized
prosthesis fitted the calcaneus best, without any signs of
instability. With the aid of a 3D printed talus all patients
achieved substantial increases in AOFAS and VAS scores. The
prosthesis precisely replaced the necrotic talus, and stability was
ensured by the surrounding tissues.

Given the complex biological environment and unique
surficial features of the talus it is essential to make a talar
prosthesis from a material with appropriate biological and
biomechanical properties. The choice of prosthetic materials
for TTR has evolved from bone cement (Tsukamoto et al.,
2010) to alumina ceramic. (Taniguchi et al., 2012; Taniguchi
et al., 2015; Taniguchi and Tanaka, 2019; Yamamoto et al.,
2021) The primary aims during material selection are to
improve the durability of the talar prosthesis and to reduce
prosthetic wear. In the present cases, a metal material that has
not been previously reported in the construction of talar
prostheses was used, Vitallium alloy, and it exhibited
satisfactory biocompatibility and minimal effects on
corresponding bone and cartilage (Kyomoto et al., 2010;
Dobruchowska et al., 2017) as well as low friction and high
wear degradation resistance, which maximizes the durability
of the service life of the prosthesis. (MacDonald and Wicker,
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report any discomfort and had returned to daily activities.

FIGURE 6 | A 58 year-old woman (patient 1) suffered from pain and swelling of the left ankle for 2 years and was unable to walk without crutches. TTR with a 3D
printed Vitallium talar prosthesis was performed in 2015. Anteroposterior and lateral radiographs taken postoperatively 1, 3, and 5 years after discharge did not depict
any signs of prosthesis-related complications (A-C). The formation of small osteophytes on the tibial side and navicular side was detected (D), but the patient did not

2016) The use of 3D printed Vitallium alloy has been reported
in several previous studies.Chang et al. (2019) compared the
marginal adaptation of 3D printed dental implants with that
of traditionally fabricated implants. In that study, the 3D
printed Vitallium alloy prosthesis met clinical requirements.
Zheng et al. (2019) developed an innovative customized 3D
printed total temporomandibular joint prosthesis constructed
with Vitallium alloy that was safe and efficient in clinical use.
When using this new material for TTR prosthetic design, we
hoped the resulting custom-made prostheses would adjust the
ankle joint, maintain stability, prevent degenerative changes
in surrounding cartilaginous structures, and disperse complex
dynamic pressure changes.

TTR has multiple advantages, including the preservation of
a range of motion, limb length, and joint function, as well as
the ease of the surgical technique and the short post-operative
recovery period. Since it was first reported in 2010,
(Tsukamoto et al.,, 2010) the fixation method in TTR has
always been controversial. Theoretically there is a risk of
instability if the talar prosthesis is dissociative in the ankle
joint, because ligament reconstruction is not performed
routinely in such surgery. (Ando et al., 2016) Hence, some
surgeons preferred to fix the talar prosthesis to the calcaneus
with screws to enhance stability. (Mu et al., 2021; West and
Rush, 2021) Porous coating surfaces and other auxiliary

devices have also been used to enhance prosthesis fixation
in some studies. (Stevens et al., 2007; Regauer et al., 2017)
Notably however, reported cases of prosthesis failure such as
loosening and subsidence have mainly occurred at the bone-
prosthesis interface. (Yamamoto et al., 2021) To eliminate
interaction between the prosthesis and surrounding bone
structure in the present cases, no screws or other bony
fixation methods were used. The position of the talar
prosthesis was restricted by the surrounding tissues.
Benefiting from the advantages of 3D printing technology
which offers a more precise and personalized way to
fabricate talar prostheses. The surface of the prostheses
would fit the surrounding joints’ facets more accurately to
improve the joint’s stability. Moreover, to reduce the risk of
instability, patients in this study were not allowed for weight-
bearing exercise immediately after surgery. The patients were
allowed to walk and bear weight with the help of a walking boot
after 1 week. To ensure the surrounding soft tissue’s healing,
ankle joint exercise was not permitted until 4 weeks after
surgery. We believed that surrounding bones and residual
ligaments and capsules could encapsulate the talar
prosthesis and provide enough stability for daily activities.
Radiography at the final follow-up 6.5 years postoperatively
revealed small osteophytes on the tibial and navicular sides. It
appeared to have been caused by the instability of the talar
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prosthesis. Nevertheless, the patient did not report any
discomfort. Moreover, the osteophytes at the edges of the
surrounding bones seemed to have improved the stability of
the talar prosthesis, as the formation of the osteophytes had
become diminished by the last follow-up. Radiographic follow-
up focused on dynamic changes of the ankle joints is still
needed. However, reconstructing ligament attachments on the
prostheses has not yet been achieved, which is also a key point
of our future research.

In terms of the advantages of manufacturing methods and
material, the clinical application of the customized 3D printed
Vitallium talar prosthesis described herein still has
limitations. The number of patients is limited, and long-
term follow-up with more detailed assessments is still
required. Meanwhile, for now, we are only benefiting from
the freedom and convenience of realizing our design provided
by 3D printing methods. Further research by our team will
focus on the mechanical analysis and structure characteristics
of the 3D printed talar prosthesis, especially on the how 3D
printing process affects the mechanical features of the
material.

CONCLUSION

In the current study, with the aid of 3D printing and a novel
Vitallium alloy material, TTR achieved encouraging results in 3/3
patients. The patients were satisfied with their joint function, and
were able to return to daily activities without limitation. Although
more cases and longer-term follow-up still need to be studied, the
success rate in the current series is encouraging.
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In recent years, dental implantation has become the preferred protocol for restoring
dentition defects. Being the direct contact between implant and bone interface,
osseointegration is the basis for implant exerting physiological functions. Nevertheless,
biological complications such as insufficient bone volume, poor osseointegration, and
postoperative infection can lead to implant failure. Emerging antibacterial-osteogenic
multifunctional implant surfaces were designed to make up for these shortcomings
both during the stage of forming osseointegration and in the long term of supporting
the superstructure. In this mini-review, we summarized the recent antibacterial-osteogenic
modifications of the dental implant surface. The effects of these modifications on biological
performance like soft tissue integration, bone osteogenesis, and immune response were
discussed. In addition, the clinical findings and prospects of emerging antibacterial-
osteogenic implant materials were also discussed.

Keywords: dental implant, surface modification, antibacterial, osteogenesis, osseointegration, soft tissue
integration, immunity

INTRODUCTION

With the continuous advancement of implant technology in recent years, dental implantation has
become the preferred protocol for treating dentition defects. Professor Branemark firstly proposed
the osseointegration theory in 1966: the implant is in direct and close contact with the surrounding
bone tissue under a light microscope, with no non-bone tissue intervention such as fibrous tissue in
the middle (Guglielmotti et al., 2019). The osseointegration interface is a criterion of dental implant
success, as well as the foundation for implant physiological performance. While intrinsic factors,
surgical factors, local and systemic circumstances of the host, biomechanics of implant loading,
implant design along with its upper support structure, and peri-implant hygiene conditions all affect
osseointegration (Rupp et al, 2018). Moreover, the negative capability of surface forming
osseointegration and post-operative infection have become critical factors that will be deleterious
to osseointegration and influence the success of implantation, resulting in implant failure.

A wide range of methods has been proposed in basic experiments and clinical studies to improve
the osseointegration of implants. Currently, methods to improve implant osseointegration include:
changing local factors (such as radiation, oxide layer thickness, electric field, corrosion, etc.), physical
therapy (vibration stimulation, etc.), drug therapy, implant surface modification, changing implant
and abutment materials, but these methods also have the disadvantages of limited application and
unsatisfactory results (Coelho et al., 2015) (Ota et al., 2016) (Guglielmotti et al., 2019) (Guglielmotti
et al., 2019) (European Association for Osseointegration, 2019). For instance, the ultrasonic
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treatment also causes damage to the implant surface, which
seriously affects the attachment of human osteoblast-like
cells(Schwarz et al., 2003). Air-polished implant surfaces also
did not exhibit a proliferation-promoting effect on osteoblasts
(Matthes et al., 2017). The polished and plasma sprayed implant
surfaces showed low alkaline phosphatase activity (Guizzardi
et al., 2004), which affects the growth and metabolic activity of
osteoblasts. Clinically applied coatings that promote osteogenesis,
such as calcium phosphate coating, are less stable, have weaker
adhesive strength with the substrate material, are prone to coating
peeling and degradation, and are not conducive to forming long-
term osseointegration (Schunemann et al., 2019).

Emerging antibacterial-osteogenic multifunctional implant
surfaces were designed to make up for these shortcomings
both during the stage of forming osseointegration and in the
long term of supporting the superstructure. In this mini-review,
we summarized the recent antibacterial-osteogenic modifications
of the dental implant surface, and the effects of these
modifications on the biological performance like soft tissue
integration, bone osteogenesis, and immune response were
discussed. In addition, this article discusses the clinical
findings and prospects of emerging antimicrobial-osteogenic
implant materials, providing a theoretical basis for improving
implant osseointegration and promoting the long-term stability
of implants.

ANTIBACTERIAL-OSTEOGENIC
MODIFICATIONS OF DENTAL IMPLANT
SURFACE

Mechanical Treatment

The micro-nano multi-level microstructure on the implant
surface refers to the implant surface topography formed by
sandblasting, acid etching, polishing, and other processing
technologies (Zhang et al, 2021), which determines the
ability of early peri-implant bone formation and the level of
bacterial adhesion (Souza et al., 2019). Nano-grooves, nano-
pores, and other structures formed on the implant surface can
promote the formation and mineralization of the extracellular
matrix and accelerate the level of osseointegration (Mendonca
et al., 2008; Souza et al, 2019). The implant surface’s
nanomorphology also has a bactericidal function. The sharp
edges of the nanostructure can stretch and rupture the
bacterial cell wall, causing bacteria to lyse and reducing
their viability (Jager et al., 2017). Zhu et al. used magnetron
sputtering to create a tantalum-containing micro/nanocoating
on titanium implants (Zhu et al., 2017). The coating not only
improved the adhesion and spreading ability of rat bone
marrow mesenchymal stem cells (rBMSCs), but also
demonstrated antibacterial activity against Streptococcus
mutans and Porphyromonas gingivalis. It has been revealed
that the nanotextured surface has a more potent antimicrobial
effect and can effectively induce osteogenic differentiation and
calcium deposition (Kunrath et al., 2020). Wang et al. created a
layered micro/nanomorphic polyetheretherketone implant
with specific functional groups (amino and COOH/COOR)

Antibacterial-Osteogenesis of Dental Implant Surface

that displayed a good antibacterial activity. The micron/
nanocoating and specific functional groups aided in the
adhesion, proliferation, and osteogenic differentiation of
MG-63 osteoblast-like cells (Wang et al., 2018) (Table 1).

UV photofunctionalization is the modification of titanium
surfaces after UV treatment, which includes changes in
physicochemical ~ properties and  enhanced biological
capabilities (Ogawa, 2014). As a biologically inert material,
titanium does not interact directly with cells and biomolecules.
UV treatment can change the surface activity of titanium
implants and transform the surface of titanium implants from
hydrophobic to super hydrophilic. After UV irradiation, the
electrostatic state of the titanium surface is changed, allowing
direct adsorption of the desired cells. For example, one study
found that UV treatment increased osteoblasts’ attachment,
diffusion, proliferation, and mineralization on the titanium
surface (Tsukimura et al, 2011). Compared to untreated
implant surfaces, the bone morphology around UV-treated
titanium implants changed significantly, allowing for rapid and
stable osseointegration and promoting new bone formation with
anear 100% bone-to-implant contact rate (Aita et al., 2009b; Kim
et al, 2016). The UV-treated implant surface did not affect
bacterial viability but significantly reduced bacterial adhesion
and biofilm formation (De Avila et al., 2015). In addition, UV
treatment effectively optimized the nanostructure of the titanium
surface and promoted the adhesion and proliferation of
osteoblasts (Tsukimura et al.,, 2011). In addition to promoting
the proliferation of macrophages on the titanium surface and
reducing the occurrence of inflammatory reactions (Lyu et al.,
2019), UV treatment also increased the bioactivity of titanium
dioxide nanotubes in human mesenchymal stem cells (Aita et al.,
2009a). Thus, it is clear that UV treatment has positive
implications for antimicrobial osteogenic modification of
implant surfaces.

Bionanostructures have piqued the interest of researchers in
recent years due to their excellent properties such as
superhydrophobicity, self-cleaning, and antibacterial osteogenic
dual-efficacy. Shahali et al. studied the nanostructures and
properties of three cicadas and bionanostatically fabricated
them using titanium nanopillars (Shahali et al., 2019). The
bionanostructures were found to disrupt the morphology of
Pseudomonas aeruginosa and Staphylococcus aureus (S.
aureus), reduce bacterial adhesion, and promote osteoblast and
actin adhesion and diffusion. In addition to cicada wings, surface
nanostructures of dragonfly and butterfly wings, shark skin,
gecko feet, taro and lotus leaves, and taro and lotus leaves
have similar self-cleaning, bactericidal, and biocompatibility
properties, making them more promising for implant surface
modification (Jaggessar et al., 2017).

Multifunctional Coating Biomacromolecular
Coating

Biomacromolecular coating is the loading of biomacromolecules
onto the implant surface through covalent bonding or layer-by-
layer self-assembly, which has antibacterial properties and
facilitates implant osseointegration (Cloutier et al., 2015). The
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TABLE 1 | Antibacterial-osteogenic strategies of dental implant surface based on coating elements.

Coating classification Material Bacterial Strains Osteogenesis References
composition
Biomacromolecular Vitamin E Phosphate S. aureus In vivo; promoting bone deposition and osseointegration Lovatiet al. (2018)
Coating TA/8DSS/PEG S. aureus BMSCs; promoting biomineralization and osseointegration Han et al. (2021)
E. coli
TA/HA/lysozyme S. aureus MC3T3-E1; promoting osteoblast mineralization and gene expressionand ~ \Wang G. et al.
E. coli ALP activity (2021)
HA/HBD-3/BMP-2 S. aureus hBMSC; promoting adhesion, proliferation, and osteogenic differentiation ~ Liu et al. (2018)
E. coli
PDA/nZnO/CS/nHA S. aureus MC3T3-E1; promoting osteogenic differentiation and ALP expression Wang Z. et al.
E. coli (2021)
Polymer Coating Ti-RP/PCP/RSNO MRSA MC3T3-E1; upregulating the expression of ALP, Opn and Ocn Li et al. (2020)
SP@MX-TOB/GelMA S. aureus MCS3T3-E1; improving the proliferation and diffusion of osteoblasts and  Yin et al. (2020)
E. coli the mineralization of calcium matrix
SPEEK@ S. aureus MC3T3; improving cell adhesion and proliferation and osteogenic He et al. (2019)
SA(CGA)@BFP E. coli differentiation
Ti-Br/PEG/RGD S. mutans, A. MC3T3; promoting adhesion and proliferation of osteoblasts Liu et al. (2016)
naeslundii
TiO2 Nanotube Coating TNT/GelMA/PMAA-CI/  S. aureus Osteoblasts; promoting cell adhesion, proliferation and differentiation Jiao et al. (2020)
BMP-2 E. coli
TNT/BMP2/(Chi/SL/ S. aureus Osteoblasts; improving cell viability, ALP activity, mineralization capacity ~ Sutrisno et al.
Chi/Gel) 4 and osteogenic gene expression (2018)
E. coli
TNT/BMP2/LBLg S. aureus Osteoblasts; promoting differentiation of osteoblasts Tao et al. (2019)
E. coli
TNT/Au NPs/Pt NPs S. aureus hMSCs; enhancing osteogenic function Moon et al. (2020)
Metal lon/Nanoparticle Cu/Hier/Ti S. aureus Macrophages; creating a favorable inflammatory micro-environment for ~ Huang et al.
Coating Sa0S-2 cells, promoting osseointegration (2019)
AH-Sr-AgNPs S. aureus Macrophages; promoting macrophage polarization and differentiation of ~ Li et al. (2019)
pro-osteoblasts
PLGA/Ag/Fes0y4 S.mutans Osteoblasts; promoting osteoblast proliferation Yang et al. (2018)
nAg/uCuO/PDA/SF S. aureus Ad-MSC; enhancing osteogenic differentiation Yan et al. (2020)
E. coli

ADA-Gen, alginate dialdehyde-gentamicin; A.naeslundii, Actinomyces naeslundii; BFP, grafted peptide; BMP-2, Bone morphogenetic protein-2; CGA, chlorogenic acid; CS/Chi, chitosan;
Cu-Hier-Ti, Cu-containing micro/nano-topographical bio-ceramic; E.col, Escherichia coli; GelMA, gelatin methacrylate; HA, hydroxyapatite; HBD-3, human B-defensin 3; LBLg, LBL/ADA-
Gen; MRSA, Methicillin resistant Staphylococcus aureus; MX, MXene; nAg, silver nanoparticles; nHA, nanocrystal hydroxyapatite; nZnO, ZnO nanoparticles; PCP, PVA/CS/PDA; PDA,
polydopamine; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid; PMAA-CI, N-CI modification poly (N,N'-methylene bis(acrylamide)); PVA, polyvinyl alcohol; RGD, arginine-
glycine-aspartic; RSNO, a NO, donor of S-nitrosuccinic acid; SA, sodium alginate; S.aureus, Staphylococcus aureus; SL, sodium hyaluronate-lauric acid; S.mutans, Streptococcus
mutans, SPEEK/SP, sulfonated polyetheretheretherketone; TA, tannic acid; TNT, TiO» nanotubes; TOB, tobramycin; uCuO, copper oxide microspheres; 8DSS, 8 repeating units of

aspartate-serine-serine.

various extracellular matrix proteins covering the implant
surface, which affect cellular activity and trigger signaling
pathways, play a crucial role in the interaction between the
host and the implant (Liu et al., 2021).

Vitamin E phosphate implant coating reduced bacterial
colonization of the implant surface. It increased bone
deposition and osseointegration levels in an animal model of
implant-associated infection by decreasing bacterial extracellular
polysaccharide activity and immunomodulation (Lovati et al.,
2018). Using the layer-by-layer self-assembly approach, implant
surface was coated with tannic acid (TA), the biomineralization
inducer 8DSS (8 repeat units of aspartate-serine-serine), and
polyethylene glycol (PEG). PEG contributed to inhibiting
bacterial adherence, 8DSS contributed to promoting
biomineralization and osseointegration (Han et al, 2021).
Wang et al. immobilized TA, hydroxyapatite (HA), and
lysozyme on the implant surface, exhibiting a good

antibacterial activity against Escherichia coli (E. coli) and S.
aureus, meanwhile, the surface also promoted rapid adhesion
and proliferation of mouse embryonic osteoblast precursor cells
(Wang G. et al., 2021). In addition, Liu et al. developed a titanium
implant coating containing nanohydroxyapatite, the natural
antimicrobial peptide human p-defensin 3, and bone
morphogenetic protein-2, which not only inhibited the growth
of S. aureus and E. coli, but also promoted the adhesion,
proliferation, and osteogenic differentiation of hBMSCs (Liu
et al., 2018). Hence, the implant surface’s biomacromolecular
coating had a substantial antibacterial and osteogenesis effect.
Chitosan (CS) comprises randomly arranged N-acetyl-
glucosamine residues and glucosamine residues. By binding to
negatively charged bacteria, CS can increase the permeability of
bacterial cell membranes, thus acting as an antibacterial agent.
Another antibacterial mechanism of CS is the interaction between
its hydrophobic aryl substituents and the hydrophobic structure
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inside the bacterial cell wall. It has been found that the
antimicrobial effect of CS is also influenced by its physical
state and molecular weight, with longer alkyl substituents
exhibiting stronger antimicrobial activity (Lu et al., 2016). CS
coating can be deposited on the implant surface by
electrophoretic deposition, sol-gel, dip-coating, spin-coating,
and electrostatic spinning, along with osteogenesis-related
factors, exercising dual antibacterial and osteogenic effects
(Kumari et al, 2021). Ding et al. synthesized alkynyl-
functionalized CS by reacting CS with 3-bromopropyne,
showing better antibacterial activity against E. coli and .
aureus (Ding et al, 2013). Wang et al. created a composite
coating  (PDA/nZnO/CS/nHA) including polydopamine
(PDA), zinc oxide nanoparticles (nZnO), and CS and
nanocrystalline HA (nHA) (Wang Z. et al,, 2021). Specifically,
PDA doping reduced the porous titanium substrate’s surface
roughness, wettability, and provided high adhesion to the
deposited nZnO. While nZnO inhibited the growth of S.
aureus and E. coli. Furtherly, the CS/nHA coating improved
the osteogenic differentiation of MC3T3-El cells by up-
regulating the expression of alkaline phosphatase. Hence, this
multi-functional coating demonstrated a superior antibacterial
osteogenic capacity.

Polymer Coating
Grafting polymers on the implant surface, such as polyethylene
glycol modifications, can inhibit bacteria’s ability to form biofilms
and cause them to maintain a planktonic phenotype. Owing to
the fact that most polymers lack antibacterial action, grafted
polymers can only prevent bacterial colonization by preventing
bacterial adhesion passively (Nejadnik et al., 2008). Hydrophilic
polymer chains are usually physically adsorbed or covalently
immobilized to the implant surface to prevent bacterial
adhesion to the surface of the implant polymer coating,
leaving the polymer layer well-hydrated, which is necessary for
the development of antibacterial adhesion properties. A cross-
linker can be generated between the polymer chains to make a
hydrogel, allowing the polymer coating structure to retain more
water without collapsing, improving the surface’s antibacterial
adhesion capabilities (Swartjes et al., 2015).

Antimicrobial-osteogenic surfaces for hydrophilic implants
have been studied using a variety of polymers such as
polyethylene glycol, dextran, and hyaluronic acid (Liu et al,
2021). In order to achieve dual antimicrobial-osteogenic effects
on the implant surface, it is possible to combine the antibacterial
adhesion properties of the polymer with the bactericidal
properties of the antimicrobial agent to improve the overall
antimicrobial effect, in addition to grafting osteogenic-related
factors on the surface of the implant polymer coating (Nejadnik
et al., 2008). On the implant surface, block copolymers PF127
(Pluronic F-127) modified with antimicrobial peptide AMP, and
PF127 modified with arginine-glycine-aspartate peptide RGD
demonstrated good antibacterial adhesion, bactericidal, and
tissue integration capabilities (Muszanska et al., 2014).

On red phosphorus nanomembranes of titanium implants,
researchers created polyvinyl alcohol hydrophilic adhesive
hydrogels (Ti-RP/PCP/RSNO) with CS, polydopamine, and

Antibacterial-Osteogenesis of Dental Implant Surface

NO-releasing donors. The structure could create NO with
superoxide when exposed to 808 nm near-infrared light (NIR),
which could upregulate the expression of Opn and Ocn genes as
well as TNF-a, promoting osteogenic differentiation, and
regulating inflammatory polarization while acting as an
antibacterial agent (Li et al, 2020). Similarly, a novel
multifunctional implant surface consisting of MXene
nanosheets, gelatin methacrylate hydrogel, tobramycin, and
bioinert sulfonated polyetheretherketone, showed strong
antibacterial properties and osteogenic ability under 808 nm
NIR illumination (Yin et al, 2020). Chlorogenic acid (CGA)
and sodium alginate (SA) were grafted on the surface of
sulfonated polyetheretheretherketone (SPEEK) implants to
create the SPEEK@SA(CGA)@BFP hydrogel system. CGA was
produced during the hydrogel’s disintegration to prevent
bacterial growth. In contrast, osteoinductive growth factor
(BFP) boosted osteoblast proliferation and differentiation.
Hence the coating played a more significant part in
antimicrobial bone regeneration (He et al., 2019). In addition,
grafting polyethylene glycol-arginine-glycine-aspartic  acid
polymer brushes on the titanium surface effectively inhibited
the growth of Streptococcus mutans and Actinomyces naeslundii
and promoted osteoblast adhesion (Liu et al., 2016).

TiO, Nanotube Coating

Anodic oxidation, hydrothermal synthesis, and templating
procedures can be used to form TiO, nanotubes (TNT) on the
surface of implants. TNT with nanoscale sizes increase their
specific surface area, thus improving their
photoelectrochemical characteristics (Hajjaji et al., 2018). TNT
could promote the adhesion and proliferation of osteoblasts
through osteogenic signaling pathways to achieve the long-
term stability of implant osseointegration. For instance, TNT
with nanomorphology provides locations for cell signaling via
adsorbed proteins, which activate FAK and ERK1/2 pathways,
enhancing hBMSCs cell motility, proliferation, and adhesion
(Yang and Huang, 2019). In addition, TNT could achieve their
dual antibacterial osteogenic function by forming micro-nano
structures and combining them with metal ions, proteins,
polymers, and medicines.

By disrupting bacterial cell walls and cell membranes, TNT
can reduce bacterial adhesion and colonization, as well as kill
bacteria by generating a pair of negatively charged free electrons
and positively charged electron holes with strong redox
properties through UV excitation. TNT react with water and
oxygen to produce reactive oxygen species such as hydroxyl
radicals, superoxide anions, and hydrogen peroxide (Liou and
Chang, 2012). Drug molecules with antibacterial and osteogenic
properties were loaded into TNT using various techniques,
including physical adsorption, electrophoretic deposition, and
magnetron sputtering. Changing the surface morphology of TNT
can prolong the elution time of the drug and extend the duration
of action of functional drug molecules against infection and
contribute to bone regeneration (Wang K. et al, 2021). Jiao
et al. prepared implant coatings containing BMP2 and
GelMA/PMAA-CI on TNT. They exhibited excellent
antibacterial properties against the adhesion and growth of S.
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aureus and E. coli and played a positive role in osteoblasts’
adhesion, proliferation, and differentiation (Jiao et al., 2020).
In terms of enzyme response, Sutrisno et al. deposited bone
morphogenetic protein 2 (BMP2) on the surface of titanium
dioxide nanotubes to create a hyaluronidase-sensitive CS (Chi)/
sodium hyaluronate-laurate (SL) coating (Sutrisno et al., 2018).
Among them, hyaluronidase triggered the release of lauric acid
from the SL coating and accelerated the release of BMP2 from the
system. As a result, this coating not only inhibited S. aureus and
E. coli from proliferation, but also boosted the expression of
osteogenic markers such as collagen type I, osteocalcin,
osteopontin, and alkaline phosphatase. In terms of pH
response, a pH-responsive composite coating on TNT was
developed that contains BMP2/alginate dialdehyde/gentamicin/
CS (Tao et al., 2019). The release of gentamicin and BMP2 from
the coating could be triggered by an acidic environment, which
boasted antibacterial efficacy against S. aureus and promoted
osteoblast  development, alkaline phosphatase activity,
mineralization ability, and the expression of osteogenic-related
genes. In terms of photothermal response, Moon et al. created a
nanoparticle coating on TNT that contained Au and platinum for
the photothermal response (Moon et al., 2020). Under 470 nm
visible light irradiation, the coating had strong antibacterial
action against S. aureus and improved osteogenesis of human
mesenchymal stem cells under 600 nm visible light irradiation.

Metal lon/Nanoparticle Coating

When a metal atom loses electrons, metal ions form as positively
charged cations. Metal nanoparticles are small metal particles that
range in size from 1 to 100 nm (Baranwal et al., 2018). Metal ions,
in general, have a positive charge and are dissolved in water.
Metal ions can use coulomb forces to firmly adsorb to bacterial
cell membranes and react with bacteria for antibacterial purposes.
Moreover, metal ions can be indirectly antibacterial via regulating
macrophages and being direct contact bactericidal. Huang et al.
created a copper-containing micro/nanomorphic bioceramic
surface (Cu-Hier-Ti surface) that improved macrophages’
ability to take up and destroy bacteria, despite not being
bactericidal. Cu®" was carried to macrophage phagosomes by
the copper transport signal protein ATP7A (Huang et al,, 2019).
It conducted a Fenton reaction with bacteria for sterilization and
generated reactive oxygen species (ROS) in mitochondria to
damage bacterial mitochondria. By modifying macrophages
and increasing the expression of M1-type macrophage surface
markers CD1l1c, growth factor BMP-6, OCN, and Runx-2, the
Cu”" surface promoted osseointegration. A dual delivery system
(AH-Sr-AgNPs) on the titanium surface was created by alkali
heat treatment (AH) for releasing Ag" and Sr**, which activated
pro-osteoclast  differentiation by regulating macrophage
polarization and effectively resisted S. aureus-induced
infections (Li et al., 2019).

Nanoparticles, on the other hand, are suspended in water. By
interacting with bacterial cell membranes, cell walls, essential
proteins, and enzymes, nanoparticles can operate as antibacterial
agents, and their antibacterial efficacy is dependent on particle
size (Friedman et al, 2013). Larger nanoparticles (>10nm)
release fewer ions, and their antibacterial capabilities are
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mostly manifested in direct contact with bacteria, whereas
smaller nanoparticles (>10 nm) release more ions and their
antimicrobial qualities are primarily manifested in direct
contact with bacteria (Chernousova and Epple, 2013). As a
result, modifying nanoparticles’ physicochemical attributes,
such as size and shape, can increase their biological properties.
Yang et al. developed a PLGA-encapsulated superparamagnetic
Ag-Fe;0, nanoparticle surface coating on implants with good
antibacterial activity when exposed to a magnetic field to prevent
Streptococcus pyogenes adherent colonization and promoted
osteoblast proliferation and differentiation (Yang et al., 2018).
Polyetheretherketone implants could be coated with copper CuO
microspheres, silver nanoparticles, polydopamine, and
filamentous protein. The coating released high doses of metal
ions at pH 5.0, which killed 99.99% of planktonic bacteria, and
low concentrations of metal ions in a physiological environment
promoted ALP production, collagen secretion, calcium
deposition, and NO production, thus promoting bone
regeneration and osseointegration with being antibacterial
contemporaneously (Yan et al., 2020).

EFFECT OF
ANTIMICROBIAL-OSTEOGENIC
MODIFICATIONS OF IMPLANT SURFACE
ON SOFT TISSUE INTEGRATION

The peri-implant soft tissue, being the biological barrier that protects
the implant from bacterial invasion and maintains the long-term
stability of the underlying bone tissue, is similar to natural gingival
tissue and consists primarily of connecting epithelium and connective
tissue (Chu et al, 2019). Whereas the absence of Sharpey fibers
around the implant, combined with parallel collagen fibers encircling
the implant surface, makes it easier for the epithelial layer to move
towards the implant’s root side, disrupting the marginal closure
(Ivanovski and Lee, 2018). As a result, implant surface
modification should enhance epithelial and connective tissue to
adhere to the implant surface.

The implant’s rigid properties and two-dimensional surface make
it difficult for soft tissues to integrate optimally with the implant.
Developing a “buffer zone” between the titanium implant and the soft
tissue can attract cell migration and infiltration, restore the cellular
microenvironment, and improve tissue integration (Leng et al., 2021).
A hybrid hydrogel coating with ZnO nanoflowers and methacrylated
gelatin and methacrylated hyaluronic acid was created on the
titanium surface (Leng et al., 2021). This coating acted as a buffer
for inward cell development and soft tissue integration, promoting
fibroblast growth and CTGF and COL-I expression while inhibiting
S. aureus-induced infections. Similarly, Mathur et al. created a
bionanofiber coating doped with silver nanoparticles and
electrospun gelatin(Mathur et al, 2021). They found that this
coating had an excellent antibacterial activity against S. aureus and
E. coli and promoted fibroblast adhesion, growth, and differentiation.

Recently, Matter et al. developed a triple-functional implant
surface, which possessed antimicrobial, osteogenic, and soft tissue
integration properties (Matter et al., 2021). Bioactive glass, cerium
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dioxide nanoparticles, and 2% of zinc doping were used to create the
intriguing nanocoating. The coating not only enhanced the
integration of bone and soft tissues by stimulating the growth and
adhesion of osteoblasts and fibroblasts, but also prevented the growth
of methicillin-resistant S. aureus.

EFFECT OF
ANTIMICROBIAL-OSTEOGENIC
MODIFICATIONS OF IMPLANT SURFACE
ON BONE REGENERATION

While resisting bacterial infection, the antimicrobial-
osteogenic modification on the implant surface should
promote  the  adhesion, proliferation,  osteogenic
differentiation of bone marrow mesenchymal stem cells,
and subsequently increase their mineralization capacity,
therefore upregulating the expression of osteogenic markers
as type I collagen, osteocalcin, osteopontin, and ALP.
However, previous studies have also shown that some
antimicrobial modifications on the implant surface can inhibit
osteogenesis. For example, zinc ions could disrupt cellular energy
metabolic processes by generating ROS to kill bacteria. Nevertheless,
once larger doses of zinc ions were incorporated into Ca-Si-based
bioactive glass ceramics, the excess zinc ions affected the deposition of
calcium ions and affected the formation and growth of hydroxyapatite
(Wu et al,, 2008). A similar study showed that zinc ions promoted the
death of osteoblasts and facilitated the process of bone resorption
during the bacteriocidal process (Hu et al, 2012). ZnO nanorods,
which had the antimicrobial effect, also reduced the cell viability of
macrophages and decreased the adhesion and proliferation of
macrophages (Zaveri et al, 2010). Therefore, the balance of
antimicrobial and osteogenic effects of zinc ions is crucial for the
effective antimicrobial-osteogenic modifications of implant surfaces.
Lactoferrin is known for its ability to bind iron, which will lead to the

discovery of its antibacterial activity. However, it has been found that
lactoferrin could decrease the proliferative activity of osteoblasts and
the bone formation capacity due to the conformational changes of
lactoferrin (Wang et al., 2013). Hence, given the differences in their
activities of antibiosis and osteogenesis, the molecules for implant
surface modification should be considered comprehensively to
achieve antimicrobial-osteogenic dual function.

Nowadays, lactoferrin has been successfully loaded on the implant
surface, which effectively inhibited the adhesion and proliferation of
Streptococcus sanguis and S. aureus and promoted osteogenic
differentiation (Chen et al, 2021). Ding et al. loaded poly-
L-glutamic acid and polyallylamine hydrochloride, silver
nanoparticles, mesoporous silica nanoparticles, and polydopamine
on a titanium surface to address the previously mentioned
problem(Ding et al, 2020). The coating inhibited the growth of
Streptococcus.  aureus and increased the thickness of bone
trabeculae and the volume and area of new bone. Yuan et al. also
created a functional molybdenum disulfide (MoS,)/polydopamine
-arginine-glycine-aspartate coating on the surface of titanium
implants that not only resisted bacterial infection of Streptococcus.
aureus and Escherichia. coli when illuminated with NIR but also
increased the expression of osteogenesis-related genes (Yuan et al,
2019). Thereupon, the inhibitory effect of active antimicrobial
molecules on osteogenesis should not be ignored in the research
phase of antimicrobial-osteogenic modifications on implant surfaces.

EFFECT OF
ANTIMICROBIAL-OSTEOGENIC
MODIFICATIONS OF IMPLANT SURFACE
ON IMMUNOLOGICAL ASPECTS

After implant implantation, macrophages play a crucial part in the
immune cascade response (Koons et al., 2020) (Figure 1). Pattern
recognition receptors (PRRs) on the cell surface of the body, such as
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macrophages, recognize bacteria and their metabolites as pathogen-
associated molecular patterns (PAMPs) in the early stages of bacterial
infection. TNF-a, IL-1, IL-1f, IL-6, and NO are produced by
macrophages that have been activated and polarized to the M1
type, a pro-inflammatory phenotype that produces a great variety
of pro-inflammatory mediators. Pro-inflammatory factors have
vasodilatory and chemotactic actions, which might attract more
leukocytes to the site and speed up PAMP clearance (Liu et al,
2014). The first inflammatory response after biomaterial
implantation aids tissue repair and regeneration; however, the
overabundance of Ml-type macrophages can lead to chronic
inflammation, stymie wound healing, and damaged tissue repair
(Batool et al, 2021). M2 macrophages, which have
immunosuppressive and  anti-inflammatory  properties, are
essential in this situation.

Researchers tried to alter the physical properties of the implant
surface to a more osteointegration-friendly M2-macrophage type that
facilitate angiogenesis and bone regeneration around implants,
namely immunomodulating the implant surface and modulating
the macrophage phenotype (Kim, 2020). Nanoscale surface
treatment of implant surfaces can influence macrophage
morphology and phenotypic characteristics, while functionalized
bioactive molecular materials can increase anti-inflammatory
factors and decrease the release of pro-inflammatory factors by
adjusting their surface hydrophilicity, surface charge, and surface
coating (Batool et al., 2021).

In recent years, polyarginine coatings became prevailing for their
excellent properties. In addition to its superb surface antimicrobial
properties, polyarginine has been associated with the phenotypic
transformation of macrophages and the synthesis of factors related
to vascular endothelial cells. Researchers have developed
multifunctional implant coatings containing gelatin, aldehyde-
modified hyaluronic acid, and polyarginine, which effectively
resisted infections caused by S. aureus and promote anti-
inflammatory polarization and angiogenesis (Knopf-Marques
et al, 2019). Other scholars designed implant coatings based on
polyarginine, hyaluronic acid, and natural host defense peptide
(catestatin), which were found to have long-term stable
antimicrobial activity, and reduce the pro-inflammatory potential
of macrophages, decrease the release of chronic inflammation-
related factors, and facilitate tissue remodeling and healing
(Ozcelik et al., 2015). In addition, polyarginine with a degree of
polymerization of 30 reduced lipopolysaccharide-stimulated
macrophage inflammatory response, accelerated fibroblast
migration in macrophage/fibroblast co-culture systems and had a
positive effect on wound healing (Gribova et al,, 2022).

TNT have been found to reduce macrophage inflammatory
responses by inhibiting MAPK and NF-kB pathways and
reducing the expression levels of mitogen-activated protein kinase
signaling molecules p38, ERK1/2, and JNK phosphorylation, which
promotes macrophage polarization to M2 type to promote tissue
repair (Neacsu et al.,, 2015).

Metal ions, such as Ag" and Sr**, can modify macrophage
polarization toward the M2 phenotype and enhance pro-
osteoblast development while reducing S. aureus survival in the
dual delivery system (AH-Sr-AgNPs) on titanium surfaces (Li
et al, 2019). Silver nanoparticles have also been found to
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efficiently suppress inflammation by modifying TLR-mediated
signaling and decreasing TLR ligand-mediated IL-6 production. It
can also be used to reduce reactive oxygen species levels and restrict
T-lymphocyte proliferation, thus reducing IL-2 release and
controlling the immune system’s inflammatory response (Ninan
et al, 2020).

Different from the above research, Huang et al. polarized
macrophages to the M1 phenotype purposely by creating a Cu-
containing micro/nanomorphic bioceramic surface, which activated
Cu translocation signaling in macrophages through the regulation of
integrin (a5, aM, P1, 2) and TLR (TLR-3, TLR-4, Myd88, and
Ticam-1/2) signaling to exert some inflammatory effects. The surface
inhibited Streptococcus. aureus growth and proliferation, and
intriguingly increased the proliferation and differentiation of
human osteoblasts SaOS-2 (Huang et al., 2019). Comprehensively,
polarizing to M2 phenotype of macrophages is not the unique
protocol for promoting osteointegration. Appropriate activation of
M1 phenotype of macrophage might be instrumental in solving
inflammation more rapidly.

PERSPECTIVE AND CHALLENGES

The osseointegrated interface is the hallmark of successful dental
implants and the basis for the physiological function of the implant.
Since plaque biofilm is closely related to peri-implantitis, inhibiting
microbial adhesion and biofilm formation on the implant surface and
promoting the formation of stable osseointegration are the main
strategies to prevent and treat peri-implantitis. Currently, methods to
improve the antimicrobial properties of implants include creating
antimicrobial implant surface morphology, forming an antimicrobial
coating. However, most of these methods have disadvantages, such as
limited application and unsatisfactory results. Owing to the complex
environment inside the oral cavity, antimicrobial implant surface
modification should be optimized to a multifunctional modification
to promote soft and bone tissue bonding while effectively inhibiting
bacteria. The targeting, responsiveness, and stability of the
antimicrobial-osteogenic coating, and long-term stability of the
surface-tissue interface are also issues that need to be investigated
in the future. Improving the binding of the active ingredients and
whether the active ingredients can be released on demand with long-
term efficacy need to be thoroughly explored.
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Improving the Stability of a Hemipelvic
Prosthesis Based on Bone Mineral
Density Screw Channel and Prosthesis
Optimization Design

Rongqi Zhou?, Haowen Xue?, Jincheng Wang”, Xiaonan Wang, Yanbing Wang, Aobo Zhang,
Jiaxin Zhang, Qing Han and Xin Zhao *

Department of Orthopedics, The Second Hospital of Jilin University, Changchun, China

In pelvic reconstruction surgery, the hemipelvic prosthesis can cause significant changesin
stress distribution due to its high stiffness, and its solid structure is not suitable for
osseointegration. The purpose of this study was to identify a novel bone mineral density
screw channel and design the structure of the prosthesis so as to improve the distribution
of stress, promote bone growth, and enhance the biomechanical properties of the
prosthesis. The mechanical characteristics of bone mineral density screw and
traditional screw were compared by finite element analysis method, and redesigned by
topology optimization. The direction of the newly proposed screw channel was the
posterolateral entrance of the auricular surface, ending at the contralateral sacral cape.
Compared to the original group, the maximum stress of the optimized prosthesis was
decreased by 24.39%, the maximum stress of the sacrum in the optimized group was
decreased by 27.23%, and the average strain energy density of the sacrum in the
optimized group was increased by 8.43%. On the surface of screw and connecting
plate, the area with micromotion more than 28 um is reduced by 12.17%. On the screw
surface, the area with micromotion more than 28 pm is reduced by 22.9%. The newly
determined screw channel and optimized prosthesis design can effectively improve the
biomechanical properties of a prosthesis and the microenvironment of osseointegration.
This method can provide a reference for the fixation of prostheses in clinical pelvic
reconstruction.

Keywords: bone mineral density, topological optimization, porous structure, hemipelvic prosthesis, screw channel

1 INTRODUCTION

Primary pelvic sarcoma seriously impacts the survival and quality of life of patients. Limb-salvage
surgery through prosthesis placement or biological reconstruction is more popular than traditional
hemipelectomy (Muller et al., 2002). With the progress to date in artificial prostheses and surgical
technology, many limb-salvage methods have been developed, such as the implantation of a modular
hemipelvic endoprosthesis (Ji et al., 2010), a customized endoprosthesis (Igbal et al., 2017), or a
massive allograft (Matejovsky et al., 2006). Most of these approaches have achieved good results in
follow-up (Zhou et al,, 2011; Zhou et al., 2013). However, when patients experience recurrence or
prosthesis instability, orthopedics doctors face significant challenges in resolving the issue (Ji et al.,
2013).
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During sacral pelvic reconstruction and repair, a screw-rod
system (Zang et al., 2014) and cancellous bone screw (Zhao X.
et al., 2018) are two common hemipelvic prosthesis—fixation
methods that may be used. However, these fixation methods
are often accompanied by some complications, such as
neurovascular injury (Zhao Y. et al, 2018; Alkhateeb et al,
2020), screw loosening (Lu et al., 2000), and fracture (Shao
et al., 2015). Previous studies have shown that patients with
osteoporosis are more prone to low-energy traumatic fractures
(den Teuling et al., 2017) and pedicle screw-loosening (Weiser
et al, 2017). Related studies have measured and analyzed sacral
bone mineral density (BMD) (Salazar et al., 2015; Thiesen et al.,
2020). However, few studies to date have characterized the effect
of BMD on the strength of sacral screw fixation. At present, there
is no study reporting the results of finite element analysis (FEA)
of sacral screw fixation and BMD. Therefore, we used FEA to
verify the relationship between the difference of BMD and the
strength of sacral screw fixation.

The huge mismatch in mechanical properties between the
sacrum and prosthesis materials can easily lead to a stress-
shielding effect (Al-Tamimi et al., 2017), and significant bone
resorption may occur around the prosthesis as a result of this
effect (Iolascon et al., 2010). To reduce the amount of stress
shielding, structural design methods are needed to render the
stress distribution between the prosthesis and bone more uniform
(Liu et al, 2021). Topology optimization (TO) is one such
method of structural design. It provides the best shape of the
structure from the specified area under certain design
considerations, such as load and boundary conditions (Park
et al., 2019). Through the TO approach, the stress between the
prosthesis and bone can be better distributed. In addition, based
on the TO design, adding a porous structure on the surface of the
screw and prosthesis can reduce the elasticity modulus of the
prosthesis, providing a suitable microenvironment for bone
growth and maintaining the stability of the prosthesis (Zhang
etal., 2020). Therefore, this study combines TO technology with a
porous structure. A porous structure can effectively reduce
stiffness, so it has been widely used in orthopedics (Hu et al,
2019; Chen et al., 2020).

In this study, we aimed to measure the sacral BMD and
determine the position of the screw according to the BMD
distribution, then conduct FEA to verify its mechanical
stability. Combined with a TO design, a porous structure was
added on the surface to obtain good stability, promote bone
growth, and reduce complications.

2 MATERIALS AND METHODS
2.1 BMD Measurement

Two researchers collected computed tomography (CT) data from
40 patients, including 20 men and 20 women, with an average age
of 67.23 + 4.26 years (range, 33-79 years). The CT data were
imported into the medical image-processing software OsiriX Lite
(Pixmeo SARL, Bernex, Switzerland), which was used to measure
the BMD in the sagittal plane of the patient’s sacrum. Seven layers
of sacral sagittal plane were scanned for BMD measurement,

BMD Screw Optimization Design

including the BMD of the sagittal sections of the bilateral
auricular surface, bilateral sacral ala midline, bilateral sacral
canal edge, and sacral midline. A sectional diagram of the
seven layers of the sacral sagittal plane and the measurement
method were shown in Figure 1. The cancellous bone region of
the S1 level was divided into four regions of interest (ROIs), and
the average BMD of each region was measured using an ROI tool.

2.2 Three-Dimensional (3D) Modeling
The geometry of the sacral model was based on CT data of the

pelvis of a female volunteer. Pelvic CT data were acquired using
the iCT 256 scanner with an X-ray tube (Philips, Amsterdam,
Netherlands) with the following parameters: current, 232 mA;
voltage, 120 kV; pixel size, 0.52 mm; section thickness, 0.9 mm;
and spacing between sections, 0.45mm. The CT data were
imported into the Mimics version 21.0 software program
(Materialise, Leuven, Belgium), and the sacrum was
reconstructed into a 3D model. The 3D model of the sacrum
was then imported into Magics version 24.0 (Materialise), and its
left auricular surface was intercepted. On this basis, three S1 screw
channels (long screw, short screw, and BMD screw) were
designed, and fixed with a long screw at the S2 level. BMD
screw placement is a way to implant screws near a high BMD
area. A hemipelvic prosthesis with acetabulum was designed and
reconstructed using Magics version 24.0. The hemipelvic
prosthesis was mainly composed of three parts: a connecting
plate in contact with the auricular surface, an acetabular cup, and
the connecting device present between the connecting plate and
the acetabular cup. The screws were tightly connected with the
prosthesis through the connecting plate and fixed on the auricular
surface. These screws were simplified to cylinders for later
application of FEA. The design of the three parts of the
prosthesis and screws is shown in Figure 2. This study was
approved by the ethics committee of the Second Hospital of Jilin
University, and we obtained the informed consent of all
participants.

2.3 FEA Model

We imported the 3D model of the prosthesis into the HyperMesh
2020 software program (Altair engineering, Troy, Michigan,
United States). The triangle-based surface mesh in the
prosthesis model is set to 1 mm using self-animation mesh
technology. After generating the two-dimensional mesh, it is
transformed into a 4-node linear tetrahedral element (C3D4).
Using Mimics, a 3D sacral model with inhomogeneous material
properties was defined according to the gray value of the CT scan.
The material properties of inhomogeneous sacrum are shown in
Figure 3. According to previous literature (Rho et al., 1995), the
material properties of the sacrum were determined according to
the following equations:

p(g/m?) =47 + 1.122 x GV (HU)
E(Pa)=0.63 x p"¥g/m’
where p is the bone density, GV is the gray value of the bone in CT

data, and E is the elastic modulus. The element size of the sacral
model was set to 1 mm. In the analysis, the material was assumed
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with a region-of-interest tool in the OsiriX Lite software.

FIGURE 1 | Sectional diagram of seven layers of sacral sagittal plane and the measurement method of BMD. (A) a: The junction of the left auricular surface and the
dorsal side. b: Middle of the left sacral wing. c: Left margin of the sacral canal. d: Median sacral line. e: Right margin of the sacral canal. f: Middle of the right sacral wing. g:
The right auricular surface is at the junction with the dorsal side. (B) The sagittal plane is divided into four regions, and the bone mineral density of each region is measured

cylinder. (A) Bone mineral density screw. (B) Long screw, and (C) short screw.

RIRIR

FIGURE 2 | The S1 and S2 screws are tightly connected to the hemipelvic prosthesis with acetabulum through a connecting plate. The screw is replaced by a
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126658 1044530
150887 1325280
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FIGURE 3 | Material properties of innomogeneous sacrum and model load and constraint. (A) Internal material properties of the sacrum. (B) External material
properties of the sacrum. (C) A load was applied to the center of the acetabulum. The constraint was set on the upper surface of S1 vertebral body. p: Bone mineral
density; E: Elastic modulus. The arrow and triangles represent the load and constraint of the FEA respectively.

to be of a linear elastic type. According to previous literature, the
Poisson’s ratio of bone was set to 0.3 (Dong et al., 2018). The
material properties of the finite element model were determined
according to our previous research data (Liu et al, 2021). The
material characteristics of various implants and sacrum were
shown in Table 1.

The load conditions of the static analysis carried out in this
study were the same as those used by (Bergmann et al., 2001).
A load of 1948 N was applied to the center of the acetabulum,
and the magnitude and direction of the force were normalized
to 100%. In terms of boundary conditions, the area of the
upper surface of S1 vertebral body was considered to be
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TABLE 1 | The material characteristics of various components.

BMD Screw Optimization Design

Component Material Elastic modulus (MPa) Poisson’s ratio Element
BMD screw TiBAI4V 110,000 0.3 9,793
Long screw TiBAI4V 110,000 0.3 16,544
Short screw TiBAI4V 110,000 0.3 6,998
S2 screw TiBAI4V 110,000 0.3 12,737
Connecting plate TiBAI4V 110,000 0.3 22,049
Hemipelvic prosthesis TiBAI4V 110,000 0.3 177,820
Sacrum Inhomogeneous bone Inhomogeneous bone 0.3 747,607

TABLE 2 | Friction types between components.

Contact surface A Contact surface B Friction type
Sacrum Porous surface ul = 0.667, p2 = 0.431
Sacrum Solid surface ul = 0.647, p2 = 0.348
Connecting plate Screw Stick

Note: i is the static friction coefficient, L. is the dynamic friction coefficient.

completely limited. The load and boundary conditions of
prosthesis and sacrum are shown in Figure 3. The
simulation process adopted quasi-static loading nonlinear
analysis, with 20 steps of iteration until convergence, and
the iterative method adopted Newton Raphson method. The
stress distribution and relative micromotion were selected as
the main parameters to verify the stress shielding effect and
bone growth effect. The results were obtained and measured in
HyperView (Altair Engineering, Troy, MI, United States).
Based on the previous research data (Bartolomeu et al,
2019), the friction type of each contact surface was
determined, and the contact surface was regarded as a
nonlinear contact surface. The types of friction between
components were shown in Table 2.

2.4 TO of Screws and Connecting Plate
According to the stress distribution of the prosthesis, the BMD
screw and connecting plate were topologically optimized. TO
of the connecting plate and screws was performed in
HyperMesh 2020. Referring to previous literature (Chen
and Shih, 2018), the minimally compliant TO under the
volume fraction constraint was adopted. The optimization
equation was as follows:

Objective function: to minimize (Uc).

Constraint: 0 <n; <1 (i=1,2,3...n)

V<Vy-V %
V=>nV;
E; = E(n,)
{oi} = [Eilfe}
where U. is the compliance, n; represents the internal
pseudodensity assigned to each finite element (i) in the

optimization equation, V is the computed volume, V is the
original volume, V* represents the amount of volume to be

removed, V; is the volume of element i, E; is the elasticity
tensor for each element, E represents the elasticity tensor, o; is
the stress vector of element i, and ¢; represents the strain vector of
element. 1, as the density index, ranged from 0 to 1. An n value
close to 0 indicates the material to be removed, and an n value
close to 1 indicates the material to be retained. The program was
set to reduce the volume by up to 50% and iterate 30 times
at most.

Next, we input the results of TO into Magics version 21.0.
The parts to be removed were obtained by performing Boolean
operations between the intact model and the optimized parts
obtained by TO. In this study, the newly designed prosthesis
retained the same shape as the original prosthesis. The
removed parts and optimized parts were designed to have a
high-strength body-centered cubic structure. The removable
part was designed with an optimal porosity of 70% and an
aperture of 200 pm to allow for early and extensive bone
ingrowth (Arabnejad et al., 2016; Bartolomeu et al., 2019).
The porosity of the optimized part of the screw surface and the
connecting plate was 30% and the pore diameter was 200 pm to
maintain stiffness and promote proper bone growth (Chen
et al., 2017; Bartolomeu et al., 2019). Then, the biomechanical
changes between the original prosthesis and the optimized
prosthesis were compared through FEA.

The FEA results were processed using HyperView 2020.
Von Mises stress values of the sacrum and prosthesis were
recorded. The prosthesis consists of screws, a connecting plate,
and the hemipelvic prosthesis. The strain energy density (SED)
can be used as an index of shielding stress (Ahmed et al., 2020).
Inserting a relatively rigid prosthesis into the bone will lead to
a reduction in the distribution of non-physiological load and
bone strain around the prosthesis. The insertion of the
prosthesis reduces the physiological load borne by bone, so
the stress is shielded. In addition, when stress shielding occurs,
the strain of the bone around the prosthesis will be reduced.
Therefore, a high SED indicates low stress shielding (Zhang
et al., 2020).

2.5 Data Analysis

Using the SPSS software (IBM Corporation, Armonk, NY,
United States), the BMD data were statistically analyzed by
one-way ANOVA. Paired t-test was used to statistically
analyze the data of topology optimized prosthesis. Statistical
significance was set as p < 0.05.
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TABLE 3| Results of one-way analysis of variance of sacral bone mineral density.

ANOVA ss v (V13 F PR
A Group 69,351.674 3 23,117.225 14812 0.000
Residual 243464596 156  1,560.670 - -
Total 312,816270 159 - - -
B Group 116,910.076 3 38,970.025  27.723  0.000
Residual 219285470 156  1,405.676 - -
Total 336,195.546 159 - - -
C  Group 178,988.181 3 59,662.727 8127  0.000
Residual  1,145263.065 156  7,341.430 - -
Total 1,324,251.246 159 - - -
D  Group 303,818.741 3 101272914 34849  0.000
Residual ~ 453,344.150 156  2,906.052 - -
Total 757,162.891 159 - - -
E  Group 171,339.808 3 57,113269  11.810  0.000
Residual  754,385.772 156  4,835.806 - -
Total 925725580 159 - - -
F Group 158,005.185 3 52,668.395  48.005  0.000
Residual  171,155495 156  1,097.151 - -
Total 329,160.680 159 - - -
G Group 71,624,126 3 23,874.709 9597  0.000
Residual  388,070.197 156  2,487.629 - -
Total 450,694.323 159 - - -

(A) the junction of the left auricular surface and the dorsal side; (B) middle of the left sacral
wing; (C) left margin of the sacral canal; (D) median sacral line; (E) right margin of the
sacral canal; (F) middle of the right sacral wing; (G) the right auricular surface is at the
Junction with the dorsal side. Abbreviations: ANOVA, analysis of variance; F, F value, MS,
mean square; PR, p value, SS, sum of squares; v, degrees of freedom.

3 RESULTS

3.1 BMD Measurement Results

In the measurement, it was found that the BMD distribution on
both sides of the sacrum was symmetrical. The mean and
standard deviation values of BMD were determined in
Hounsfield units (Thiesen et al., 2020). The measured sacral
BMD data are shown through one-way analysis of variance in
Table 3 and BMD of the ROI in seven sagittal planes (mean +
standard deviation, Hu) in Table 4. In the junction between the
left auricular surface and the dorsal side, the BMD in the fourth
quadrant was the highest, and the average value was 182.33 +
39.31 HU (p < 0.01). In the middle of the left sacral ala, the first
quadrant had the highest BMD, with an average value of 103.90 +
39.04 HU (p < 0.01). In the left margin of the sacral canal, the

BMD Screw Optimization Design

BMD in the third quadrant was the highest, and the average value
was 264.51 + 88.75 HU (p < 0.01). In the middle sacral line, the
BMD in the second quadrant was the highest, with an average
value of 240.81 + 65.30 HU (p < 0.01). In the right margin of
sacral canal, the BMD in the third quadrant was the highest, and
the average value was 247.19 + 67.47 HU (p < 0.01). In the middle
of the right sacral ala, the first quadrant had the highest BMD,
with an average value of 107.02 + 39.09 HU (p < 0.01). Finally, at
the junction of the right auricular surface and the dorsal side, the
BMD in the fourth quadrant was the highest, with an average
value of 187.21 + 52.91 HU (p < 0.01).

3.2 Von Mises Stress of the Original
Prosthesis

The stress distribution of the prosthesis varies according to the
three different fixation methods. As shown in Figure 4, on the
BMD screw, the stress is mainly distributed at the connection
between the connecting plate and S1 screw, and no obvious stress
concentration was observed. The maximum stress is 350.33 MPa,
which is located at the base of the S1 screw. On the long screw, the
stress is mainly distributed in the first half of the S1 screw, and an
obvious stress concentration could be observed at the connection
position between the S1 screw and connecting plate, with the
maximum stress being 442.34 MPa. On the short screw, the stress
distribution is similar to that on the long screw, and the stress
concentration is located at the connection between the S1 screw
and connecting plate, with the maximum stress being
446.92 MPa.

3.3 TO Results and von Mises Stress of the

Sacrum and Prosthesis
The TO program was iterated six times. The algorithm mainly
removed the middle two portions of the connecting plate; about
84% of the connecting plate was retained. As shown in Figure 5,
the connecting plate and screws with porous structure were newly
added to the surface. The porosity of the removed parts was
designed to be 70%, and that of the optimized connecting plate
and screws surface was designed to be 30%.

As shown in Figure 6, the von Mises stress values of the
original group and the optimized group. The maximum stress of

TABLE 4 | BMD of the region of interest in seven sagittal planes (mean + SD, Hu).

Group (N = 40) Mean = SD

ROI 1 ROI 2 ROI 3 ROI 4

135.11 + 41.98
103.90 + 39.04
203.03 + 79.37
140.25 + 45.63
187.44 + 68.42
107.02 + 39.09
142.55 + 42.51

133.88 + 41.85
97.49 + 44.18
241.83 = 114.22
240.81 + 65.30
239.41 + 88.44
100.91 + 31.64
134.73 + 44.84

167.09 + 34.40
51.34 + 31.89
264.51 + 88.75
212.83 + 54.59
24719 + 67.47
45.74 + 31.43
170.63 + 57.73

182.33 + 39.31
42.96 + 33.62
178.25 + 46.31
143.71 + 47.94
170.86 + 47.83
37.36 + 29.53
187.21 + 52.91

G Mmoo m>»

A, the junction of the left auricular surface and the dorsal side; B, middle of the left sacral wing; C, left margin of the sacral canal; D, median sacral line; E, right margin of the sacral canal; F,
middle of the right sacral wing; G, the right auricular surface is at the junction with the dorsal side. Abbreviations: Average: average value; N, number of samples; ROI, region of interest; SD:
standard deviation.
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FIGURE 4 | Stress distribution of the three different fixation methods. (A-C) The stress distribution of the bone mineral density screw, long screw, and short screw.

FIGURE 5 | The middle two areas of the connecting plate are optimized
and removed, and a porous structure with a porosity of 30% was added to the
screw surface and the high-density area of the connecting plate.

the original prosthesis was 350.33 MPa; after TO, however, the
maximum stress of the prosthesis was reduced to 264.87 MPa,
demonstrating a decrease of 24.39%. In addition, the high-stress
area of the optimized prosthesis was significantly reduced.
Moreover, the maximum stress of the sacrum in the original
group was 183.36 MPa, while that in the optimized group was
133.43 MPa, showing a decrease of 27.23%. Figure 7A shows the
average stress on S1 screw, S2 screw and connecting plate. The
stress of each screw and connecting plate in the optimized group
was significantly lower than that in the original group (p < 0.05).

3.4 SED of the Sacrum

The SEDs of the sacrum in the original group and the
optimization group are shown in Figure 8. The average SED
of sacrum in the original group was 9.96 kPa, and that in the
optimization group was 10.80 kPa, showing an increase of 8.43%.

3.5 Micromotion Results of Prosthesis

3.5.1 Micromotion Results of Original Prosthesis

The micromotion distribution of prosthesis varies with three
different fixation methods. As shown in Figure 9, A, B, and C

represent the micromotion distribution of BMD screw, D, E, and
F represent the micromotion distribution of long screw, and G, H,
and I represent the micromotion distribution of short screw. The
colored parts of B, E, and H represent the area with micromotion
less than 28 um, and the colored parts of C, F, and I represent the
area with micromotion less than 40 pm. In BMD screw, the area
where the micromotion on the screw surface is more than 28 um
is 368.85 mm?, and there is no area where the micromotion is
more than 40 um. In long screw, the area of the screw surface with
micromotion more than 28 um is 441.26 mm? and the area of the
screw surface with micromotion more than 40 um is 66.59 mm?®.
In short screw, the area of the screw surface with a micromotion
more than 28 pm is 180.93 mm®, and the area of the screw surface
with a micromotion more than 40 um is 17.54 mm?® The
maximum micromotion of the three screws is at the top of the
connecting plate. The maximum micromotion of BMD screw is
229 pm, the maximum micromotion of long screw is 191 pum, and
the maximum micromotion of short screw is 173 pm.

3.5.2 Micromotion Results of TO Prosthesis

As shown in Figure 10, the micromotion distribution of the
original group and the optimization group. A represents the
original prosthesis and B represents the topology optimized
prosthesis. On the surface of the screw and connecting plate,
compared with the original group, the area with micromotion
more than 28 um in the optimization group was reduced from
684.45 mm® to 601.13 mm?, a decrease of 12.17%. On the screw
surface, area with micromotion more than 28 pm in the
optimization group was reduced from 368.85 to
284.38 mm?, a decrease of 22.9%. However, the maximum
micromotion increased from 229 to 252 pum. Figure 7B
shows the average micromotion on S1 screw, S2 screw and
connecting plate. The surface micronmotion of each screw was
significantly less than that of the original group (p < 0.05), and
the micromotion on the connecting plate was increased
compared with that of the original group.

4 DISCUSSION

As one of the most commonly used options for pelvic ring
reconstruction, a hemipelvic prosthesis is usually a solid
structure with high stiffness, which leads to the non-
physiological distribution of stress, and is not suitable for
bone integration (Young et al., 2021). The most serious
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FIGURE 6 | Stress comparison of the prosthesis and sacrum between the original group and the optimization group. (A) The stress distribution of prosthesis in the
original group. (B) The stress distribution of prosthesis in the optimization group. (C) The stress distribution of the sacrum in the original group. (D) The stress distribution
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FIGURE 7 | The results of von Mises Stress and relative micromotion on

S1, S2 and CP. (A) The results of average stress. (B) The results of average
micromotion. S1, S2 represented the S1,
connecting plate. OR and TO represented original group and topological
optimization group, respectively. * represented p < 0.05.

In order to reduce the stress-shielding effect caused by the
mismatch between vertebral cancellous BMD and screw stiffness,
this study divided the sacral sagittal plane into several regions and
measured the average BMD of each so as to obtain a screw
channel with high BMD distribution. The measurement results of
sacral BMD clearly showed the distribution pattern of sacral
BMD. The BMD in the sacral vertebral body was higher than that
in other areas, and the anterior and upper sides of vertebral body
was the area with the most highly concentrated BMD. The BMD
near the auricular surface was also high, and the posterolateral
area was an area with concentrated BMD. Meanwhile, in the
sacral wing, the BMD was low. Overall, there were significant
differences in BMD distribution at the S1 level, consistent with
the results reported by Darius et al. (Thiesen et al., 2020).Lu et al.
(2000) previously showed that BMD is a good indicator of the

200

150
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50

Relative Micromotion (um)

S1 S2 Cp

S2 screw, and CP represented the

problem caused by this change is stress shielding. Over time,
stress shielding leads to bone resorption, facilitating aseptic
loosening and even possible fractures around the prosthesis
(Kurcz et al., 2018). In addition, the full solid structure without
osseointegration does not support long-term stability (Jing
etal., 2016). In this study, a new screw channel was determined
according to the distribution of sacral BMD, and the screw and
connecting plate were subsequently improved based on TO
technology and a porous structure so as to enhance
biomechanical properties and the stability of the prosthesis.

Then, its stability was verified
through FEA.

strength of preoperative sacral screw fixation in previous in vitro
mechanical experiments. Their study showed that the BMD screw
can significantly improve the mechanical distribution on the
screw, reduce the peak stress on the screw, and decrease the
incidence of postoperative complications, consistent with our
expected results. Compared to the other two known fixation
methods, the area of high-stress concentration at the connection
between the screw and the connecting plate can also be
eliminated. The position of the BMD screw is similar to the
mechanical conduction path of the pelvis (Snijders et al., 1993), so
it can render the amount of stress distribution more reasonable.
BMD screw effectively reduces the risk of screw loosening or even
breaking. The direction of the newly proposed screw channel is
the posterolateral entrance of the auricular surface, ending at the
contralateral sacral cape. The above results show that this new

by biomechanics evaluation
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(B) The SED distribution of the sacrum in the optimization group.

FIGURE 8 | Distribution of sacral strain energy density (SED) in the original group and optimized group. (A) The SED distribution of the sacrum in the original group.
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FIGURE 9 | Micromotion results of original prosthesis. (A-C) represent the micromotion distribution of BMD screws, (D-F) represent the micromotion distribution
of long screws, and (G-1) represent the micromotion distribution of short screws. The colored parts of (B,E,H) represent the area with micromotion less than 28 ym, and
the colored parts of (C,F,l) represent the area with micromotion less than 40 pm.

BMD screw channel is safer than traditional transverse screw
fixation and has a lower incidence of complications (Table 3
and 4).

In this study, an inhomogeneous sacral model was
reconstructed to simulate the real sacrum. The material
properties of the sacrum were determined according to the
gray values of CT images. The inhomogeneous sacral model
used in this study can improve the accuracy of FEA. Ahmet
et al. previously explored the correlation between bone
inhomogeneity and reported that inhomogeneous bones can

lead to significant differences in stress values compared to
rigid bones (Un and Calik, 2016). We designed three screw-
fixation methods—BMD screw, long screw, and short
screw—and by comparing the results of FEA and sacral BMD
distribution, we found that the BMD screw had a more reasonable
stress distribution. Then, we carried out TO and porous structure
surface design. During FEA, von Mises stress can effectively
reflect the biomechanical characteristics and record the stress
distribution on the screws (Maslov et al., 2021). As shown in
Figure 6, the maximum stress of the optimized prosthesis was
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FIGURE 10 | Micromotion results of TO prosthesis. (A) Original prosthesis, (B) TO prosthesis.

reduced in this study by 24.39%. The maximum stress of the
screw (264.87 MPa) was also lower than the yield strength
(789-1,013 MPa) of Ti6Al4V material (Dong et al., 2018),
which indicated that the strength of the screws can withstand
a static load. In addition, long-term survival of the screw also
requires its maximum stress to be far lower than the fatigue
strength limit of the material (310-610 MPa) (Long and Rack,
1998). The maximum sacral stress in the optimization group was
133.43 MPa, which was 27.23% lower than that in the original
group, without exceeding the yield strength (150 MPa) (Li et al.,
2007). At the same time, it was observed that the sacral stress
distribution was more uniform and could accept stress
stimulation, providing good conditions for bone growth. The
results of TO show that TO and a porous structure design can
decrease the amount of bone resorption caused by stress shielding
so as to reduce the possibility of postoperative prosthesis
instability.

Prosthesis micromotion is an important assessment related to
prosthesis stability and postoperative pain. Previous studies
indicated that 28 pm was considered to be the micromotion
boundary value most conducive to bone growth, and the
interface micromotion of about 40 pm could lead to partial
inward growth, while 100-150 um was considered to prevent
inward bone growth, more than 150 um would completely inhibit
the inward growth of bone (Pilliar et al., 1986; Zhao X. et al., 2018;
Zhang et al.,, 2020). As shown in Figure 9, both BMD screw and
long screw can obtain better micromotion results, and have better
distal fixation than short screw. However, previous studies have
pointed out that the fixation method of long screw may lead to
iatrogenic nerve injury and vascular injury (Zhao Y. et al., 2018;
Alkhateeb et al., 2020). Therefore, we believe that BMD screw can
obtain a larger safe area, meet the requirements of bone growth
and obtain satisfactory bone integration. At the same time, As
shown in Figure 10, after the topology optimization of the
prosthesis, the area of the surface of the screw and connecting
plate that is not suitable for bone growth is decreased. This
indicated that the BMD screw and prosthesis after topology
optimization can achieve satisfactory long-term bone
integration effect and reduce patient pain on the basis of
meeting the initial stability.

SED is another index for evaluating stress shielding. The
difference between the optimized group and the original
group can be used to evaluate bone resorption. As shown

in Figure 8, the average SED of sacrum in the original group
and the optimization group were 9.96 and 10.80 kPa,
respectively. The above results show that the combination
of TO design and a porous structure plays an important role in
realizing the osseointegration of a prosthesis. The surface of a
porous structure can reduce the elastic modulus of the
prosthesis, and with an increase in porosity, the pore
volume of bone growth also increases so as to improve the
performance of bone integration (Kelly et al., 2021). Shah
et al. (2016) also confirmed that metal implants with an
interconnected pore structure have the potential to
promote bone growth, and they may also reduce the
stiffness mismatch between implant and bone so as to
eliminate the stress-shielding effect.

In this new study of prosthesis fixation, we preliminarily
verified the initial stability of screw and prosthesis by finite
element analysis, and obtained satisfactory results. However,
there are some limitations in this study. First, we did not
consider the effect of postoperative stress-dependent BMD
change on prosthesis fixation. This study exists in our next
plan. We will study this phenomenon through animal
experiments and postoperative follow-up of patients. Second,
we only considered the mechanical interaction between bone
tissue and a prosthesis and did not introduce the supporting effect
of muscle and ligament on bone or the prosthesis, although the
FEA results support the effectiveness in reducing stress shielding.
Such operation simplified the finite element model and may cause
some deviation in the results. In the future research, we will use a
more accurate and more physiological model. Finally, this study
only includes a single hemipelvic pelvic model, which may have
an impact on the applicability of the prosthesis. Future research
will further improve upon the content of this study.

5 CONCLUSION

In this study, we proposed an improved scheme to reduce the
probability of stress shielding after pelvic reconstruction,
determine a new screw channel, and optimize the structure
and porous surface design of the prosthesis. We also used FEA
to verify the biomechanical properties of the prosthesis. The
maximum stress of the optimized prosthesis was 24.39% lower
than that of the original prosthesis, the maximum stress of the
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sacrum in the optimization group decreased by 27.23%, and the
average SED of the sacrum in the optimization group rose by
8.43%. On the surface of screw and connecting plate, the area
with micromotion more than 28 um was reduced by 12.17%.
On the screw surface, the area with micromotion more than
28 um was reduced by 22.9%. The newly determined screw
channel and optimized prosthesis design can effectively
improve the biomechanical properties of the relationship
between a prosthesis and bone. Some limitations of this
study, such as the impact of postoperative stress-dependent
BMD change on the stability of prosthesis and the failure to use
complete pelvis, muscle and ligament structures, may affect the
accuracy of the experiment. These limitations have been
included in our next experimental plan. This series of
studies will provide reference for the stable fixation of
prosthesis in clinical pelvic reconstruction.
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Critical metaphyseal bone defects caused by nonunion and osteomyelitis are intractable to
repair in clinical practice owing to the rigorous demanding of structure and performance.
Compared with traditional treatment methods, 3D printing of customized porous titanium
alloy prostheses offer feasible and safe opportunities in repairing such bone defects. Yet,
so far, no standard guidelines for optimal 3D printed prostheses design and fixation mode
have been proposed to further promote prosthesis stability as well as ensure the
continuous growth of new bone. In this study, we used a finite element analysis (FEA)
to explore the biomechanical distribution and observed new bone regeneration in clinical
practice after implanting 3D printed prostheses for repairing metaphyseal bone defects.
The results reflected that different fixation modes could result in diverse prosthesis
mechanical conductions. If an intramedullary (IM) nail was applied, the stress mainly
conducted equally along the nail instead of bone and prosthesis structure. While the stress
would transfer more to the lateral bone and prosthesis’s body when the printed wing and
screws are selected to accomplish fixation. All these fixation modes could guarantee the
initial and long-term stability of the implanted prosthesis, but new bone regenerated with
varying degrees under special biomechanical environments. The fixation mode of IM nail
was more conducive to new bone regeneration and remodeling, which conformed to the
Wolff’s law. Nevertheless, when the prosthesis was fixed by screws alone, no dense new
callus could be observed. This fixation mode was optional for defects extremely close to
the articular surface. In conclusion, our innovative study could provide valuable references
for the fixation mode selection of 3D printed prosthesis to repair metaphyseal bone defect.

Keywords: 3D printing technology, finite element analysis, metaphyseal bone defect, new bone regeneration,
clinical study
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1 INTRODUCTION

The treatment of critical bone defects in extremities, especially
those located at the metaphysis, remains a challenging issue for
orthopedic surgeons. These defects are characterized by obvious
morphological abnormality, as well as distinctive changes in
microstructure and biomechanical distribution, considering
there is the transition zone from cylindroid to irregular bone
(Blokhuis, 2017). Metaphyseal bone defects of extremities can be
caused by severe trauma, osteomyelitis, tumor and revision
surgery (Mancuso et al., 2017; Lu et al,, 2019; Benulic et al,
2020). Traditional therapeutic methods such as bone grafting,
distraction osteogenesis, and induced-membrane technique
cannot accomplish simultaneous reconstruction of both
complete anatomical structure and stable biomechanical
conduction to support early weight-bearing (Migliorini et al.,
2021).

Applying 3D printed titanium alloy prostheses to repair
critical metaphyseal bone defects is a feasible treatment option,
whose major advantages include: 1) the shape and structure of
a prosthesis can be customized based on the irregular defect
outline; 2) the appropriate mechanical strength of titanium
alloy can rebuild the local biomechanical stability and help
patients perform weight-bearing and functional exercise; 3) it
can stimulate the bone growth in contact with the prosthesis (Ji
et al., 2020; Migliorini et al., 2021; Xu et al., 2021). Tetsworth
etal. (2017) and Nwankwo et al. (2019) successfully applied 3D
printed framed-structured scaffolds to reconstruct distal
femoral and tibial metaphyseal defects caused by
comminuted fractures. In addition, in our previous study,
we reported the effective repair of distal femoral
metaphyseal defects caused by osteomyelitis and nonunion
using 3D printed porous prosthesis; the follow-up results
showed stable prosthesis location and continuous bone
growth (Hou et al,, 2020). However, there is still a lack of
systematic effect reports about the clinical application of 3D
printed prostheses to reconstruct metaphyseal bone defects.

Durable prosthesis stability, new bone regeneration, and
implant-bone interface fusion are desirable conditions after the
3D printed prosthesis implantation for bone defect repair.
According to Wolff’s law, bone could do adaptive response to
appropriate mechanical loading changes (Brand, 2010), that is to
say, different internal fixation modes and biomechanical
environments surrounding the prosthesis have a significant
impact on the rate and direction of new bone growth. The
mechanical mode of local fixation can be divided into the
mode of interlocking intramedullary (IM) nail, the mode of
the single prosthesis with screws, and the combination of the
two (Tetsworth et al., 2017; Nwankwo et al., 2019). Too strong
fixation can produce stress shielding and reduce the micromotion
at the implant-bone interface, which in turn harms new bone
regeneration, while too weak fixation leads to initial stability of
prosthesis, which is not conducive to limb weight-bearing and
may lead to implant failure. As for applying 3D prostheses to
repair metaphyseal bone defects, no one so far has raised a unified
reference standard about the optimal prosthesis design and
fixation mode. Hence, there is still no definite conclusion on
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how to achieve the initial and long-term prosthesis stability as
well as ensure the continuous growth of new bone.

Finite element analysis (FEA) has become an increasingly
powerful approach for predicting the biomechanical behavior of
the bone-implant interface and identifying areas of greater stress
concentration (Campbell and Glier, 2017). Once refined and
validated with experimental data, FEA provides comprehensive
and accurate datasets illustrating the physical response at all
locations in a model. We carried out a FEA and prospective
clinical study focusing on repairing metaphyseal defects in the
present study. Following two research aspects were summarized
and investigated in detail: 1) clarifying the stress distribution
characteristics under different prosthesis fixation modes via 3D
finite element models, and 2) investigating the rules of new bone
regeneration related to different prosthesis fixation modes via the
clinical study. We hypothesized that different fixation patterns
could influence the local mechanical distribution and bone
regeneration.

2 MATERIALS AND METHODS

2.1 Design of a Customized Prosthesis

The design process of a 3D printed prosthesis is displayed in
Figure 1. First, the computed tomography (CT) scan data of
bilateral limbs were acquired and reconstructed using Mimics
19.0 software (Materialise, Belgium). Second, the healthy bone
was mirrored to the disease-affected side, and the defect regions
overlapped one another (automatically and manually). Third, the
bone defect model obtained from Mimics was imported into
Geomagic Studio 12 software (Geomagic, United States) for
modification, after which personal prostheses with various
shapes were designed according to specific defects and doctor’s
requests. Fourth, the prosthesis insertion and fixation procedures
were simulated via medical interaction platform; size, matching
degree, and screw position was further evaluated. Any design that
could not meet the surgical requirements was redesigned or
modified and locally optimized.

2.2 Finite Element Analysis

FEA was used to accurately calculate the biomechanical
distribution and concentration characteristics of bone and
prosthesis (Yan et al., 2020; Yao et al., 2021). The metaphyseal
bone defect of the distal femur was used as an example to conduct
FEA models, and the results were applicable to all the long bones
of extremities.

2.2.1 Modeling of the Femur, Prosthesis, and
Intramedullary Nail

For a better simulation of the real structure of the natural
skeleton, cortical and cancellous bone were separately
constructed based on the CT Hounsfield unit, and the
thickness of cortical bone ranged from 1.4 to 8.8 mm. The
elasticity modulus and Poisson’s ratio of cortical bone were set
as 16,600 MPa and 0.3, and the elasticity modulus and Poisson’s
ratio of cancellous bone were 8,000 MPa and 0.3. The 3D printed
prosthesis was defined as porous titanium alloy structure with the
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FIGURE 1 | Design process of a 3D printed prosthesis. (A) 3D CT reconstruction of bilateral femurs, the bone defect was occupied by a cement spacer, the healthy
femur was mirrored to the disease-affected side; (B) Overlapping femurs could reveal the size and shape of metaphyseal bone defect; (C) The overlapping 3D models
could help to determine the osteotomy scope; (D) Simulation of the prosthesis insertion and internal fixation.

elasticity of 3,000 MPa. The IM nail was defined as a cylinder,
whose length and diameter were 400 and 11 mm respectively.
Due to the IM nail was a solid titanium alloy model, its elasticity
modulus and Poisson’s ratio were set as 110,000 MPa and 0.3.
Surface smoothing and tanglesome point removal were
performed using UG 12.0 software (Siemens PLM Software,
United States), after which an STP file was acquired. After
that, the STP file was imported into HyperMesh 14.0 software
(Altair, United States) for geometric cleaning.

2.2.2 Mesh Division

Since the bone-prosthesis interface experiences large
deformations under load, it was necessary to mesh them into
small elements. The mesh types included tetrahedral and shell
elements, with the size of 2 mm. The tetrahedron simulated
cancellous bone, and the shell unit simulated cortical bone.

2.2.3 Bone-Prosthesis Contact Setting and Stress
Loading

Interaction between the bone and prosthesis is complex and
requires the definition of contact conditions. All contacts
between fracture fragments and implants were modelled as
frictional contacts, except the interfaces between threaded
parts of the locking screw heads and plate holes, which were
modelled as bonded contacts. The friction coefficients for the
frictional contacts were set at 0.6 for bone-prosthesis interfaces.
In applying stress, the proximal femur was secured, and a 700 N
pressure was applied along the force line at the articular surface of
the distal femur. The maximum von Mises and distribution were
used to evaluate mechanical performance.

2.3 Clinical Study

This clinical study was approved by the Medical Science Research
Ethics Committee of Peking University Third Hospital (No.

M2018174), and informed consent was obtained from patients
and family members. Besides, we have finished the clinical trials
registry in the United States National Library of Medicine.

We prospectively enrolled patients with metaphyseal bone
defects of extremities. The corresponding prosthesis type and
internal fixation mode were selected according to different scopes
and shapes of defects. The inclusion criteria included: 1)
metaphyseal defects caused by osteomyelitis and nonunion; 2)
the length of the bone defect was more than 6 cm; 3) patients
aging from 18 to 70 years old. The exclusion criteria included: 1)
tumor-related bone defects; 2) patients with articular surface
defect; 3) systemic diseases contraindicating the use of
artificial prosthesis; 4) patients unable to undergo the entire
treatment process and follow-up. Patients’ clinical information
were collected in detail, including age, gender, defect cause, defect
location, defect length, fixation mode of the prosthesis, the
evaluation scores of patients’ extremity function and life state.

The whole surgical process consisted of three main steps. First,
the affected soft and bone tissues were debrided and cut
thoroughly, and the bone defect was occupied by a polymethyl
methacrylate (PMMA) spacer. Second, when the infection was
completely contained, the critical metaphyseal defect was
repaired using a 3D printed porous Ti6Al4V prosthesis.
Finally, the interlocking IM nail or screws were used to
enhance fixation according to specific situations.

Postoperatively, patients were encouraged to carry out early
weight-bearing and functional The whole
rehabilitation process was guided by professional specialists,
including joint movement, anti-resistance and compression
training, balance exercise and so on. Once the pain degree
became significantly reduced after activity, and no loosening
or breakage of implants were confirmed by postoperative
X-ray, patients would be allowed to restore full limb
weight-bearing gradually.

exercises.
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FIGURE 2 | Three fixation modes of different prostheses (IM: intramedullary). (A) Mode |, the integral prosthesis with printed IM nail and wings; (B) Mode II, the
integral prosthesis with one printed wing; (C) Mode I, the integral prosthesis with one printed wing.

C
|
| < IM nail
| Printed
Prosthesis " wing
Printed
\/ wing
= ( -
e -y

During the postoperative follow-up, routine X-rays and CT
were utilized to assess implant stability and bone growth. Also, all
complications were recorded. Patients’ upper and lower extremity
functions were quantificationally evaluated by the Disability of
Arm Shoulder and Hand (DASH) and Lower Extremity
Functional Scale (LEFS), respectively. The state of patients’
daily life was evaluated via the SF-36 questionnaire.

2.4 Statistical Analysis

SPSS 22.0 software was used for statistical analysis. The Chi-
square test was used to compare the excellent and good rate of
extremity function scores among different groups. A F-test was
used to compare the difference in SF-36 scores. p < 0.05 was
considered to be statistically significant.

3 RESULTS

3.1 Different Fixation Modes of Prostheses
A total of three modes of prosthesis fixation were
accomplished. As shown in Figure 2, Mode I indicated the
integral prosthesis with printed IM nails and wings
(Figure 2A), which can be fixed by screws alone. Mode II
indicated the integral prosthesis with one printed wing
(Figure 2B), which can be fixed by interlocking IM nails
and screws. There were two main differences between Mode
I and Mode II: 1) the integratedly printed IM nail in Mode I
could offer stabler prosthesis fixation strength compared with
the additionally inserted IM nail in Mode 1I; 2) the proximal
end of the prosthesis had integrally printed lateral wing, which
would lead to less local relative micromotion at the bone-
prosthesis interface after being fixed by screws. The different
biomechanical environments around the proximal prosthesis
might influence new bone regeneration. Mode III indicated the

integral prosthesis with one printed wing (Figure 2C), which
can be fixed by screws. The first two fixation modes of
prostheses are suitable for most metaphyseal defects, and
the third fixation mode of the prosthesis is only suitable for
the partial metaphyseal defects, in which the bony structure on
one side is intact and continuous.

3.2 Von Mises Stress Distribution Displayed
by Finite Element Analysis

In FEA results, a qualitative and quantitative analysis was
performed based on progressive visual color scales ranging
from blue to red, which corresponded to the weakest and the
strongest stress intensity, respectively.

In Figure 3, for Mode I, the stress was evenly conducted
along the inner and outer sides of both femur and prosthesis,
with the maximum stress located at the proximal prosthesis
end as directed by red arrows. The stress distributed on the
printed IM nail was relatively weak. The proximal printed
wing shared stronger stress than the distal wing.

In Figure 4, for Mode II, the stress was mainly conducted
along the femurs and IM nails. The maximum stress was
concentrated at the middle of the IM nail and the proximal
end of the prosthesis as directed by red arrows. The printed wing
shared less stress.

In Figure 5, for Mode III, the stress was mostly conducted
along with the femur structure uniformly. The stress
distributed on the overall prosthesis was relatively weak.
The maximum stress of the prosthesis is concentrated on
the proximal end as directed by red arrows.

The maximum von Mises stress intensity of the proximal
femur, distal femur, and implants (IM nail and prosthesis) are
presented in Figure 6. The maximum von Mises values of
proximal and distal femur were observed in Mode I (76.1 and
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FIGURE 3 | Von Mises stress distribution in Mode | fixation pattern, the red arrows direct the maximum stress concentration.
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FIGURE 4 | Von Mises stress distribution in Mode Il fixation pattern, the red arrows direct the maximum stress concentration.
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38.8 MPa), and their minimum values in Mode III and Mode
II, respectively (17.2 and 16.4 MPa). The interlocking IM nails
were applied in Mode II, which decreased the maximum stress
of the femur. However, the von Mises stress on the IM nail was
significantly larger than the prosthesis, which was 184.7 MPa.

3.3 Prosthesis’s Stability and Bone
Regeneration Under Different Fixation
Modes.

We treated 16 patients, eight males and eight females, with critical
metaphyseal bone defects of extremities by implanting 3D printed
porous prostheses. Their average age was 54.4 years old. The
enrolled patients were divided into three groups according to
different prosthesis fixation modes: group 1: five patients
underwent Mode I; group 2: six patients underwent Mode II;
group 3: five patients underwent Mode III. Their clinical
information were presented in Table 1. As shown in Figure 7,
postoperative serial X-rays showed that the prostheses, nails, and

screws were stable in three groups, and no obvious loosening,
subsidence, or breakage occurred. Yet, the new bone regeneration
was not the same in all groups. For Mode II, continuous bone
regeneration could be observed. As directed by yellow arrows,
new bone mainly grew from the proximal end of the bone defect
and crept on the surface of the prosthesis, whereas, for both Mode
I and III, the new bone did not grow densely. As directed by red
and pink arrows, the low-density gaps between the bone and
prosthesis were gradually blurred but did not disappear. There
was no obvious new bone growing around the prosthesis.

3.4 Evaluation of Patients’ Extremity

Function and Life State

At the last follow-up, the excellent and good rate of extremity
function scores (LEFS or DASH) did not show significant
difference between Mode I and Mode II groups (p = 0.819).
While the rate of Mode IIT group was significantly higher than
other two groups (p = 0.038 and 0.022, respectively). With regard

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

June 2022 | Volume 10 | Article 921545


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Liu et al.

Repair of Metaphyseal Bone Defects

+1.596e+01 A
+1.463e+01
+1.330e+01
+1.197e+01
+1.064e+01
+9.308e+00
+7.978e+00
+6.648e+00
+5.319e+00
+3.989e+00
+2.659¢+00
+1.330e+00
+0.000e+00

FIGURE 5 | Von Mises stress distribution in Mode Il fixation pattern, the red arrow directs the maximum stress concentration.

+1.596e+01 C D
+1.263e+01
+1.330e+01
+1.197e+01
+1.064e+01
+9.312e+00
+7.984e+00
+6.655e+00
+5.3266+00
+3.997e+00
+2.669e+00
+1.340e+00
+1.1246-02

]
[ ]
[
]
]
=
]

A\ Max von Mises stress of

Ilvode | [lMode Il [ Mode i1l [l IM nail in Mode I
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to the comparison of SF-36 scores at the time of the last follow-up,
no significant difference was found among the three groups (p =
0.076).

4 DISCUSSION

Due to special characteristics such as customized morphology
and appropriate mechanical strength (Tshephe et al., 2022),
3D printed titanium alloy prostheses have been widely applied
to repair bone defects in extremities. In this study, we
investigated the biomechanical distributions of different
prosthesis fixation modes combined with finite element 3D
simulated models and observed the treatment effects of 3D
printed Ti6Al4V prostheses in critical metaphyseal bone
defects. The reported results could represent a valuable
reference for orthopedic surgeons to make clinical decision-
making.

Different prosthesis fixation leads to different local
biomechanical environments. As shown in Figure 2, the three
fixation modes of prostheses for repairing metaphyseal bone
defects proposed in this study were classified into two categories
based on whether the interlocking IM nail was applied. On the one
hand, when the prosthesis was fixed by IM nails and screws, the
stress under such conditions could be transmitted along with the IM
nail, whose main curvature is close to the normal force line and the
interlocking screws have a good anti-rotation and shear resistance
function. Besides, studies have demonstrated that when applying a
vertical load to simulate the early postoperative internal fixation
load-bearing, the stress is mainly concentrated in the middle of the
IM nail (Chen et al, 2018; Wang et al,, 2020). Wu et al. (2022)
applied the 3D printed polyether ether ketone prosthesis to repair
the femoral shaft defect and observed middle-concentrated stress of
the IM nail. As shown by the FEA results in the present study, when
the interlocking IM nail was applied to stabilize prostheses for
metaphyseal bone defects, the stress was mainly distributed along
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Age/Gender Characteristics of bone defects Fixation mode F/U (mths) Scores at the last
follow-up
Cause Location Length (cm) LEFS/DASH SF-36
1 64/F osteomyelitis distal femur 17.2 Il 40 51 57.6
2 61/M aseptic nonunion distal femur 141 Il 38 57 481
3 69/F aseptic nonunion distal femur 9.5 1 30 46 56.5
4 67/F osteomyelitis distal femur 13.3 Il 26 51 51.1
5 41/M osteomyelitis distal femur 14.2 | 18 47 63.6
6 26/M osteomyelitis distal femur 17.8 1l 16 61 69.6
7 36/M aseptic nonunion distal femur 17.3 Il 13 56 46.0
8 42/F aseptic nonunion distal femur 14.4 Il 26 48 55.7
9 67/F osteomyelitis distal femur 10.5 1l 14 56 55.1
10 46/F osteomyelitis distal femur 14.2 | 10 44 53.4
11 65/M osteomyelitis distal tibia 9.7 | 23 55 64.5
12 68/M osteomyelitis proximal tibia 14.2 | 23 56 53.2
13 69/M osteomyelitis proximal tibia 6.7 1l 14 55 57.2
14 54/M osteomyelitis distal tibia 6.8 1l 10 58 54.2
15 53/F aseptic nonunion distal humerus 9.5 | 25 26 64.5
16 43/F osteomyelitis proximal humerus 71 1l 14 19 66.2

F, female; M: male; Pre-Op, Preoperative operative; F/U, Follow-up; LEFS, lower extremity functional scale; DASH, disability of arm shoulder and hand.

the IM nail (the maximum stress concentration occurred at the
middle of the nail) (Figure 4), which is consistent with previous
studies. In addition, the screw fixation between the lateral wing and
distal bone mass could increase the local stability between the
prosthesis and the bone, promoting the micromotion at the local
bone-prosthesis interface. On the other hand, for metaphyseal bone
defects located close to the articular surface and possessing irregular
shapes, there is little residual bone near the articular surface, and the
interlocking fixation is difficult to perform. Hence, the prosthesis
was printed with integrally lateral wings and/or nails and was only
fixed by screws. Under these circumstances (Figure 3), the stress
shared by the printed nail was relatively weak and was mainly
conducted along the bone structure and prosthesis body. At the
same time, the function of the printed lateral wing was similar to a
plate, which could provide eccentric fixation force and result in
lateral stress concentration. As for the fixation pattern in Mode III
(Figure 5), the partially intact bone structure became the main
pathway of stress conduction; the stress shared by the prosthesis
body and printed wing were both relatively weak.

Sustained prosthesis stability, which can be divided into
primary and secondary stability, is the main guarantee for
patients to safely carry out limb weight-bearing. The primary
stability refers to the period after surgical insertion, before the
healing progress. After implanting the prosthesis inside a
defective cavity, the nail and screws can provide necessary
mechanical fixation, and the frictional properties at the bone-
implant interface can sustain the shear load and ensure proper
implant stability. In addition, the nail and screws can also
provide necessary mechanical fixation. Insufficient primary
stability tends to lead to excessive interfacial micromotion
following surgery, which may imply a higher occurrence of
migration and implant failure. Besides, the low fixation
strength brings no additional benefit to the healing process
and can actually promote the growth of fibrous tissue instead
of bone. From another aspect, the primary stability and

fixation strength should not be too high since excessive
stress levels may lead to bone necrosis (Campbell and
Gliier, 2017). Therefore, a combination of IM nail and
lateral screws was chosen for clinical application to fix the
metaphyseal prostheses in this study, avoiding the too strong
or too weak fixation state and meeting the mechanical
environment requirements for primary stability and new
bone regeneration. The secondary stability occurs in the
stage of bone regeneration and remodeling. During bone
healing, newly formed bone is produced to fill the gap
between host bone tissue and prosthesis surface. Several
weeks or months after the implantation surgery, newly
formed bone tissue is progressively replaced by mature bone
tissue, thus promoting mechanical interlocking. As shown in
Figures 7D-F, the new bone gradually surrounded the
prosthesis from the proximal end. Bone-prosthesis interface
is suggested to be the weakest domain in the bone-implant
complex (Gao et al., 2019). Osseointegration, which was first
defined by Brianemark et al. (1977), helps integrate and
stabilize the prosthesis with the surrounding bone and has
an important role in strengthening the bone-prosthesis
interface. As shown in Figure 7, the three fixation modes
that were applied in the present study all achieved good early
and medium-term prosthesis stability.

After the prosthesis is implanted into the bone defect, the
regeneration process of new bone is mainly achieved with
“secondary bone repair” (Roberts et al., 2018). During this
process, the growth and remodeling of new bone follow Wolff’s
law, illustrated by the increased bone resorption associated
with immobilization or microgravity and increased bone
formation in response to mechanical load. In this study,
different fixation modes led to different subsequent stress
distributions and affected the regeneration of new bone. As
shown in Figures 7A-C and Figures 7G-I, the fixation of the
prosthesis with screws alone resulted in concentrated
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interface existed persistently as directed by the pink arrows.

FIGURE 7 | The state of prosthesis’s stability and new bone regeneration in three groups. For Mode |, the typical patient was a 65-year-old male who suffered distal

tibial metaphyseal defect due to osteomyelitis. Along with his postoperative X-rays at 1 (A), 7 (B), and 22 (C) months, we could observe the stable location of both
prosthesis and screws. The low-density gap at bone-prosthesis interface gradually blurred but not disappeared as directed by the red arrows. For Mode |l the typical
patient was a 67-year-old female who suffered distal femoral metaphyseal defect due to osteomyelitis. Along with her postoperative X-rays at 1 (D), 9 (E) and 25 (F)

months, we could observe the stable location of prosthesis, nail and screws. Besides, new bone continuously regenerated around the prosthesis as directed by the
yellow arrows. For Mode I, the typical patient was a 26-year-old male who suffered distal femoral partial metaphyseal defect due to osteomyelitis. Along with his
postoperative X-rays at 1 (G), 5 (H) and 14 (I) months, we could observe the stable location of both prosthesis and screws. The low-density gap at bone-prosthesis

biomechanical conduction between bone and prosthesis
interface, which induced the new bone to grow gradually at
the bone-prosthesis gap instead of growing on the surface of
prostheses. At the same time, the application of IM nail was
more conducive to the surrounding new bone regeneration
(Figures 7D-F). Under this circumstance, stress is equably
distributed along with the IM nail and bone-prosthesis
interface, resulting in new bone growth from the end of the
bone defect, continuously surrounding the prosthesis.
Generally, an adaptation of bone structure to the
mechanical environment consists of several mechanisms.
The trabecular bone exhibits a phenomenon in which the
apparent bone density and orientation characteristics
change according to the stress magnitudes as well as the
principal directions. The structure change couples the bone
resorption by osteoclastic cells and bone formation by
osteoblastic cells. The various cells contributing to the

remodeling detect mechanical stimuli and transduce them
to biochemical signals (Gao et al., 2019). This complex
process can be changed according to the local mechanical
environments. In this way, bone remodeling based on
mechanical stimulus at the cellular level leads to structural
and functional adaptive changes corresponding to the load
direction and magnitude, aiming to achieve a uniform
mechanical stimulus state.

The limb function of all patients could meet the weight-bearing
requirements of daily life at the last follow-up, meaning all patients
benefited from the advantages of customized titanium alloy
prostheses and stable internal fixation options. Patients in Mode
IIT group had a significantly higher rate of excellent or good limb
function scores, which was associated with the initially smaller extent
of bone loss in these patients. Besides, at the last follow-up, there was
no significant difference in the SF-36 scores among the three groups,
proving that applying 3D printed prostheses could achieve similarly
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good clinical curative effects in patients with metaphyseal bone
defects of extremities.

The main limitation of this study was the number of included
patients, which was relatively small. In our future work, we plan to
include more cases and conduct a wider multicenter clinical study in
view of applying 3D printed prostheses to repair metaphyseal bone
defects, which will be more conducive to the systematic investigation
on clinical efficacy and new bone growth.

5 CONCLUSION

The treatment of metaphyseal bone defects is a great challenge
in clinical practice. Applying 3D printed prostheses to repair
metaphyseal bone defects of extremities can result in good
recovery of limb function, thus allowing patients to normally
engage in their daily activities. Yet, different fixation patterns
can lead to different biomechanical distributions. The use of
IM nails for prosthesis fixation is more conducive to equal
conduction of stress and new bone regeneration. Besides, the
fixation mode in which the prosthesis was only fixed by screws
was also optional for defects extremely close to the articular
surface.
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The combination of a bone and an implant surface is a dynamic biological process. By
improving the osseointegration efficiency of the bone tissue around the implant surface,
the implant can obtain long-term stability. In this study, we have investigated the potential
applications of dual-wavelength lasers (Er:-YAG laser and Nd:YAG laser) in implantations
and observed their possible efficacy in promoting tissue repair around the implant. The
animal experimental model of a rabbit femoral defect implant was used to simulate the
process of tissue reconstruction around the implant in humans. The results indicated that
by micro-CT observation, it was obvious that the bone mineral density (BMD) values of the
dual-wavelength laser group were significantly higher than those of other groups.
Furthermore, VG staining clearly showed that there was no obvious physiological gap
detected between the implant and the surrounding bone tissues in the dual-wavelength
laser group. HE staining further revealed that no significant influx of inflammatory cells was
observed around the implants. Immunohistochemical staining of OCN and VEGF showed
that the positive area percentages of the dual-wavelength laser group were significantly
higher than other groups at the same time point. Therefore, the application of a dual-
wavelength laser in implantations can exhibit a positive effect on promoting the
reconstruction of bone tissues.

Keywords: osseointegration, bone-implant interface, dental implant, micro CT, Er:YAG laser, Nd:YAG laser

1 INTRODUCTION

In dental implant surgery, optimal bone integration of an implant and the surrounding tissues
constitutes the foundation and focus of implant-supported denture restoration (Albrektsson and
Wennerberg, 2019). At present, the surface of implants for clinical application has been generally
roughened to increase its biocompatibility with the bone tissues. For instance, studies by Alsaadi et al.
(2006) have revealed that titanium implants with rough surfaces have a significantly higher survival
rate than titanium implants with traditional machined surfaces. Moreover, an Er:YAG laser that has
been approved by the FDA has exhibited good biological effects as a dental hard tissue laser.
Therefore, an Er: YAG laser might have good developmental prospects for the treatment of implants
and bone tissue surfaces (Schwarz et al., 2006).

Many previous studies have shown that the surface of bone tissue irradiated by an Er:YAG laser
can potentially accelerate the osteoblasts to produce new bones and enhance the retention rate of
fibrin and blood clots (Safioti et al., 2017). Moreover, titanium implants treated with an Er:YAG laser
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can effectively improve the surface wettability and thereby
substantially improve the adhesion of tissue cells for early
bone repair (Nejem Wakim et al, 2018). In addition, the
research conducted by Kazemzadeh-Narbat et al. (2010) has
indicated that the potential application of antibacterial
coatings and organic molecules on the implant surface could
significantly reduce the generation of dental plaque biofilm.
However, the implant stability could not be achieved on the
implant surface by physical adsorption, and moreover, the
biological safety still remains to be verified. However, the use
of Er:-YAG laser irradiation on the implant and the surrounding
bone tissues via the photothermal effect has been found to be
relatively safe and can demonstrate efficient bactericidal effects
(Romanos et al, 2019). The Er:YAG laser also displayed
significant  bactericidal  activity =~ against ~Gram-negative
anaerobes (Kreisler et al., 2002). The Er:YAG laser is currently
being used clinically for the treatment of peri-implantitis to
efficiently remove the dental plaques on the implant surface
without affecting the implant surface structure (Ali et al,
2020). For example, Crippa et al. (2020) have reported the use
of the Er:YAG laser to treat patients with immediate dental
implant infection and obtained a success rate of 94.6%.

The Nd:YAG laser primarily acts on tissues such as dyes and
hemoglobin (Mordon et al, 2003) and can be used for rapid
coagulation and the treatment of soft tissue inflammation during
implant surgery to reduce the time of implant surgery (Evrard et al,,
1996). At the same time, the Nd:YAG laser can display the function
of rapidly generating photothermal and photochemical effects after
being absorbed by the biological tissues and, thus, can rapidly
eliminate deeply embedded bacteria (Mellado-Valero et al., 2013).
In addition, the Nd:YAG laser low-intensity laser treatment (LLLT)
can also significantly promote the proliferation and maturation of
human osteoblasts (Li et al., 2017) and accelerate the formation and
metabolism of new bones at an early period (Karoussis et al., 2017).
However, during clinical applications, the irradiation time and dose
of the Nd:YAG laser should be strictly controlled to avoid extensive
damage being caused to the surrounding soft and hard tissues (Van
Nimwegen et al., 2008). Therefore, in this study, we have used a
combination of the Er:YAG laser and the Nd:YAG laser in animal
implant surgery to analyze the potential improvement of the early
inflammatory response of the tissues around the implant and the
possible effects on bone tissue repair after the combination of two-
wavelength lasers, which will provide a theoretical basis for the
application of the Er:YAG laser and Nd:YAG laser together in oral
implant surgery.

2 EXPERIMENTAL SECTION

2.1 Materials and Apparatus

The Fotona LightWalker AT dual-wavelength laser system, H14-
N hand tool, and R21-C2 hand tool were supplied by FT medical
(Beijing, China). The Surgic XT Plus, Straumann planting
implement, and Straumann sandblasted with large grits and
acid-etched (SLA) bone level implant (¢3.3mm NC, SLA
8 mm) were obtained from Straumann (Beijing, China).
Coolabar (Beijing, China) supplied paraformaldehyde and

Dual-Wavelength Laser in Surgery Osseointegration

phosphate-buffered saline (PBS). OCN and VEGF used for
immunohistochemistry ~ were  purchased from Abcam
(Cambridge, United Kingdom). Van Gieson’s (VG) solution
and the hematoxylin-eosin/HE staining kit were purchased
from Solarbio (Beijing, China). Saline was supplied by DZ
medicine (Tianjin, China).

2.2 Preparation of Two-Wavelength Laser

Application Parameters

In this experiment, a Fotona dual-wavelength laser treatment
system was used to assist the implantation surgery as shown in
Schemes 1. First, the instrument was turned on, and the Hc14-N
hand tool, R21-C2 hand tool, and tapered fiber tip were
connected, respectively. The first therapeutic parameters of the
Er:YAG laser (2,940 nm) were set as SSP, 120 mJ, and 15 Hz for
cortical bone drilling. The treatment of cortical bone with the Er:
YAG laser results in a significant reduction in the risk of cortical
bone fracture and improved the initial stability of the implant
(Matys et al., 2018). The second therapeutic parameter of the Er:
YAG laser (2,940 nm) was set as SP, 80 mJ, and 15 Hz for laser
washing at the bone interface. The washing effect of the Er:YAG
laser on the implant socket can effectively improve the
osseointegration efficiency around the implant (Kesler et al,
2006). The first treatment parameter of the Nd:YAG laser
(1064 nm) was set as VLP, 20 Hz, and 4 W for coagulation in
implant surgery. The second therapeutic parameter of the Nd:
YAG laser (1,064 nm) was set as MSP, 15Hz, and 1.5W to
improve postoperative bone integration. The Nd:YAG laser can
effectively promote the efficiency of new bone formation.(Kim
et al., 2015).

2.3 Preparation of SLA Dental Implants

An SLA titanium implant (¢3.3 mm NC, SLA 8 mm) was selected
as the animal experimental implant to verify the effect of the dual-
wavelength laser on osseointegration around the implant. The
surface treatment of SLA titanium implants is mainly completed
by mechanical roughening, sandblasting, and chemical etching.
The SLA pure titanium implants after surface roughening have
good compatibility with the bone tissue in the early stage (Kim
etal,, 2008). The titanium implants of Straumann SLA selected in
this experiment were tested according to the standard of SEM
images before application.

2.4 Experiments on Improving

Osseointegration by Laser

2.4.1 Establishment of Bone Defect Animal Models
All animal experimental programs were approved by the Animal
Care and Use Ethics Committee of Jilin University. In this study,
36 adult Japanese white rabbits (average weight 2 kg, Beijing HFK
Biotechnology Co., Ltd., Beijing, China) with large ears were
maintained in the feeding room of the Animal Experimental
Center of the School of Basic Medical Science, Jilin University (all
the animals were fed under the same conditions of light and
temperature). In the operation, Straumann planting implements
and Surgic XT Plus were used to prepare the implantation fossa in
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the lower part of the femoral head of rabbits step by step to
simulate the preparation process of bone tissue during dental
implantation.

2.4.2 Dual-Wavelength Laser-Assisted Implantation of
Dental Implants
Thirty-six adult rabbits (average weight 2 kg) were randomly divided
into four groups: Er:YAG, Nd:YAG, combination, and control. After
skin preparation and towel laying disinfection under anesthesia, a 3-
cm linear longitudinal skin incision was made on the lateral side of the
femur, and the muscle tissue and periosteum were carefully separated.
In the Er:YAG laser group, the implantation sites of the bone tissues
were fixed using the Er:YAG laser (SSP, 120 mJ, and 15 Hz) in a non-
contact manner. The holes (3.3 mm diameter and 8.0 mm depth) were
prepared gradually in a step-by-step manner to 8 mm by using the
Straumann planting implement, with 0.9% sodium chloride isotonic
solution. Thereafter, the liquid for cooling irrigation was applied to
prevent the bone tissue temperature from overheating. Thereafter,
during each reaming drill switching, the Er:-YAG laser (QSP, 80 m],
and 15 Hz) was used for laser swing washing of the implant socket two
consecutive times. In the Nd:YAG laser group, the holes (3.3 mm
diameter and 8.0 mm depth) were prepared gradually step by step to
8 mm, cooled, and then rinsed with 0.9% sodium chloride isotonic
solution. The intraoperative assistant used the Nd:YAG laser (VLP,
20 Hz, and 4 W) for further coagulation to ensure a clear operation
field. After the operation was conducted, the sutured implant region
was irradiated with the Nd:YAG laser (MSP, 15 Hz, and 1.5 W) low-
intensity laser therapy (LLLT) for 120's for three consecutive days,
which could significantly reduce wound pain and accelerate wound
healing. In the combination laser group, the Er:YAG laser and the Nd:
YAG laser were simultaneously used in the laser application manner
described previously. In the control group, the holes (3.3 mm diameter
and 8.0 mm depth) were prepared gradually step by step to 8 mm,
cooled, and then rinsed with 0.9% sodium chloride isotonic solution.
Thereafter, one Straumann implant (¢3.3 mm NC and SLA
8 mm) was implanted into the same position at the lower end of the
femoral head of the rabbits, and the tissues were properly aligned
and layer-sutured using a 3-0 nylon suture at the operation site. All
the procedures were performed by the same physician without
selective bias. After the surgery on animals, gentamicin was
administered at (0.1 ml/kg) with antibiotic medication for 3 days.

2.4.3 Micro-CT Analysis

The specimens were scanned by micro-CT (90kV, 114 mA, and
18 um image pixel size) to evaluate the effect of bone regeneration and
osseointegration. A cylinder (4.0 mm diameter and 8 mm height) was
selected as the region of interest (ROI). The 3D reconstruction was
performed by multimodal 3D visualization software (NRecon 1.7.1.0
software, Kontich, Belgium). The quantitative analysis of the ROI was
conducted by micro-CT auxiliary software (VGStudio Volume
Graphics GmbH, Germany), including bone mineral density
(BMD, g/cmi3), trabecular thickness (Tb. Th, mm), trabecular
separation (Tb. Sp, mm), and trabecular number (Tb. N, 1/mm).

2.4.4 Histological Evaluation
The samples were immobilized in 4% paraformaldehyde solution for
2 weeks before decalcification for 1 month. The samples were then
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dehydrated in a series of fractionated ethanol solutions. After
vitrification with xylene, the samples were embedded in paraffin
wax and cut into slices with 30 um thickness for VG staining. The
inward bone growth was observed via an inverted microscope (DSX
500; Olympus Corporation, Tokyo, Japan), and Image] was used to
analyze the surface area of the newly formed bone tissue. In addition,
proximal femurs were immersed in 10% ethylenediaminetetraacetic
acid to demineralize for 1 month, after which the specimens were
embedded in paraffin and sectioned into 5um slices by the
microtome. Then, the prepared sections were stained with H&E
to investigate the effects of the dual-wavelength laser on bone
integration around the implant.

2.4.5 Immunohistochemistry

The specimens were fixed in 4% paraformaldehyde for 2 weeks
before decalcification for 1 month. After the removal of the
implants, the remaining bone tissues were sectioned for an
immunohistochemical analysis. In short, the sections were made
after a 3% H,0O, treatment. Then, they were sealed with serum,
incubated with primary antibodies and then secondary antibodies,
stained, counterstained, and dehydrated. Finally, an optical
microscope was used for observation at a magnification of x100.

2.5 Statistical Analysis

Data are presented as mean * standard deviation. Each group of data
was obtained from three independent experiments. Differences
between multiple experimental groups were statistically analyzed
via one-way analysis of variance (ANOVA) and Tukey’s multiple
comparison test. GraphPad Prism v. 8.2 was used for all statistical
analyses. p < 0.05 indicated significant difference.

3 RESULTS AND DISCUSSION

3.1 Microstructural Analysis of Bone
Ingrowth

The early process of osseointegration around the implant is related to
the activity of endogenous BMSCs. Therefore, dual-wavelength
laser-assisted implant surgery is an effective treatment to improve
the efficiency of osseointegration around the implant (Yin et al.,
2017). Statistical analyses of micro-CT are depicted in Figures 1A-E.
The Tb. N values of the Er:-YAG, Nd:YAG, combination, and control
groups in 14 days were 2.26 + 0.05, 1.96 £ 0.04, 2.56 * 0.05, and
1.28 + 0.03 /mm, respectively. It is consistent with the three-
dimensional reconstructed image. The bone mineral density
(BMD), trabecular separation (Tb. Sp), trabecular number (Tb.
N), and trabecular thickness (Tb. Th) of the bone tissues around
the implant were calculated for each experimental group. As shown
in Figure 1B, the BMD of the laser group was significantly greater
than that of the control group when compared at the same time (p <
0.001), and the bone mineral density of the combined laser group
was the largest. However, as shown in Figure 1C, the trabecular
separation was the smallest in the laser combined treatment group,
thereby indicating that the laser combined treatment exhibited the
most significant osteogenic effect on bone tissue (p < 0.001). The
trabecular separation of the Er:-YAG laser group was less than that of
the constituent bones of the control group, and the trabecular
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separation in the Nd:YAG laser group was markedly less than that in
the control group at 14 days (p < 0.05). Overall, based on the data
analysis of micro-CT, it could be seen that the combined application
of laser resulted in an effective peri-implant bone formation, and the
effect was statistically significant (p < 0.001).

3.2 Osseointegration at SLA Implant

Interfaces With Surrounding Bone
The histological results based on HE staining were applied to evaluate
the bone integration effect of the peri-implant bone tissue (Figures

2A-C). As shown in Figure 2A, on comparison between the laser
group and the control group in 3 days, it could be clearly observed that
thermal injury of the bone tissues around implants in the laser group
was not significant. The number of inflammatory cells in the bone
tissues of the experimental group after Er laser washing treatment was
significantly lesser than that of the control group. It was observed that
the inflammatory infiltration in the peripheral bone tissues of the Nd
laser group was slightly better than that of the control group. However,
in the combined laser group, bone integration of the bone tissues
around the implant was significant, and there was no necrotic bone
tissue area observed on day 3 (Figure 2A). Moreover, the laser groups
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clearly showed that the osteoblasts were surrounded by the bone
matrix, and inflammatory infiltration was markedly less than that in
the control group in 7 days. These findings suggested that the laser
played a positive role during early bone tissue integration (Figure 2A).
The trabeculae in the laser combined group were clearly visible in
14 days, and they were found to be significantly thicker and denser
than those in the other experimental groups and the control group.
The thickness and density of the trabecular meshwork in the Er laser
group were observed to be superior to those in the Nd laser group
(Figure 2A). As shown in Figures 2A and B, the histological analysis
further showed that the osteogenic effect of the laser combined group
was substantially superior to that of the control group at all time-
points (p < 0.001), and it also depicted a novel trend of higher bone
formation. In addition, the bone-forming effect of the Er laser was
relatively better than that of the Nd laser group.

At 14 days, histological data based on van Gieson staining were
used to evaluate implant-bone combinations in different experimental
groups (Figures 3A,B). As shown in Figure 3A, on comparing the
hard tissue sections of the implants obtained at 14 days, it could be
clearly noted that there was no obvious physiological gap between the

implant and the surrounding bones in the combination laser group,
and the bone repair rate was the highest (Figure 3B). In addition, the
bone-forming effect of the Er laser was relatively better than that of the
Nd laser group. Overall, it could be seen that the combined application
of lasers resulted in an effective peri-implant bone formation, and the
effect was statistically significant (p < 0.001).

3.3 Effect of Laser on Osteogenic

Differentiation
As shown in Figure 4A, the quantitative analysis of
immunohistochemical sections of osteocalcin (OCN) clearly
showed that the percentage of osteocalcin-positive areas in
each group increased significantly with an increase in the
number of days. Moreover, the percentage of osteocalcin-
positive areas in the laser combined group was significantly
higher than that in the other experimental groups and the
control group at the same time point, as shown in Figure 4C.
Osteocalcin (OCN), also known as bone R-hydroxyglutamic
acid protein, is synthesized primarily by osteoblasts and can
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substantially promote early peri-implant bone integration
(Mastrangelo et al., 2020). The immunohistochemical results
in this study also revealed that the positive expressions of
OCN in the Er:YAG, Nd:YAG, and the combination laser
groups at 14 days were significantly increased and strikingly
higher than those found in the control group (Figure 4A).
Therefore, an increased positive expression of this important
osteogenic marker protein in the peri-implant tissues provided
strong evidence for the promotion of new bone formation upon
the application of dual-wavelength laser light during implant
surgery. This finding also indicated that the combined application
of the Er:YAG laser and Nd:YAG laser could markedly promote
early bone integration and tissue repair around the implants.
Bone integration and tissue repair in dental implant surgery
remain the key factors that can facilitate a successful surgery.
For instance, Pourzarandian et al. (2004) have reported that
after treatment with the Er:YAG laser, the surface of the bone
tissue could effectively promote the adhesion of osteoblasts but
did not affect the migration and proliferation of bone tissue
cells. The surface of the bone tissue treated with Er:YAG laser
swing washing has been found to be associated with several
irregularities (Pantawane et al., 2019) such that the bone surface
could be more easily adhered to fibrin (Cekici et al., 2013) and
thereby effectively promote blood clot stabilization and tissue
formation (Niimi et al., 2020). In this experimental study, the
bone mineral density (BMD) of the new bone around the
implant was analyzed by micro-CT and measurement
software. It was clearly observed that the applications of the
Er:YAG and Nd:YAG laser groups and these two laser groups in
combination were significantly better than those of the control
group. Moreover, in the hard tissue sections stained with VG, it
could be clearly seen that the space between the implant and the
new bone in the Er:YAG, Nd:YAG, and the combination laser
groups for 14 days was found to be significantly smaller than
that in the control group. Bone binding is a dynamic
physiological process (Chang and Giannobile, 2012) and
minute movements during the early stages of implantation
can negatively affect bone remodeling and generate cicatrix
tissue (Sennerby and Meredith, 2008). It has been established

that the larger the contact area between the implant and bone
during the early stages, the more significant the impact of bone
integration will be. In addition, a number of studies have found
that the treatment of cortical bone with the Er:YAG laser and
subsequent implantation of the implant can also effectively
reduce the risk of bone fractures and adjacent tooth injury
around the implant (Matys et al., 2018). It has been observed
that the bone tissue treated with the Er:YAG laser can provide
better initial stability for the immediate weight-bearing ability of
the implant. We also noted that the experimental group using
the Er:YAG laser to fix the implantation sites of the bone tissues
was significantly superior to the control group based on the
effect of bone integration through observations of the tissues
under the microscope. A number of previous studies have
shown that the Nd:YAG laser postoperative adjuvant
treatment of bone defects has a significant role in promoting
bone regeneration (Ninomiya et al., 2003). It has also been
found that the promotion of bone repair by the Nd laser was
primarily due to the biological stimulation of LLLT (Vescovi
et al., 2013). For example, Kim et al. (2010) found that the
wavelength of the Nd:YAG laser (1064 nm) allowed the laser to
effectively penetrate the skin and the different muscle layers and
promoted the expressions of BMP-2 and IGF-1 cytokines
around bone tissue. Moreover, postoperative irradiation of
the wound with the Nd:YAG laser was found to play an
important role in mediating bone regeneration (Bouvet-
Gerbettaz et al., 2009). Furthermore, HE staining sections of
the bone tissues around the implants in this study also indicated
that the number and quantity of bone trabeculae around the
implants in the laser group were superior to those observed in
the control group.

In addition, in this study, the Er:-YAG laser was primarily used to
fix the implant position, and the 0.9% sodium chloride isotonic
solution was used to cool and wash the implants during the dimple
washing process, which could significantly avoid thermal damage
caused by the laser. A number of studies have shown that excessive
bone temperature during implantations can adversely affect the rate
of bone tissue incorporation (Trisi et al., 2015). However, the Nd:
YAG laser was used in this study to irradiate and induce new bone
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FIGURE 4 | Immunohistochemical analysis of the bone around the implant. Representative images of the expressions of (A) OCN, (B) VEGF, and (C) mean optical
density of positive areas in the bone around the implants at 3, 7, and 14 days after implantation. (n = 3, *indicates significant differences between the groups, *p < 0.05;
**p < 0.01; *p < 0.001).

formation in the implantation area using LLLT low-intensity laser ~ at the low power (1.25-2 W) was rather limited, and it could not
irradiation at an intensity of 1.5 W. Moreover, a previous study by ~ damage the healthy tissues but exhibited the most significant effects in
Kim et al. (2015) found that the heat generated by the Nd:YAG laser =~ promoting the repair of the soft and hard tissues around the implants.
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SCHEME 1 | Application of dual-wavelength laser-assisted implantation surgery and its effect on promoting osteoblast differentiation, which results in enhanced

3.4 Effect of Laser on Vascular
Regeneration Around the Bone-Implant

Interface

The rate of bone tissue repair around the implants might also be
limited by the rate of neo-vascularization in the body (Santos and
Reis, 2010). For instance, the vascular endothelial growth factor
(VEGF) in vivo has a significant angiogenic effect, which can
promote the accelerated recovery of the soft and hard tissues
around the implant (Zavan et al., 2017).

As shown in Figure 4B, the percentage of VEGF-positive areas
in each group gradually increased and was found to reach the
peak at 14 days. It was observed that the percentage of positive
areas in the Er laser group at the same time point was slightly

larger than that in the Nd laser group. The percentage of VEGF-
positive areas in the laser combined group was significantly better
than in the other experimental groups and the control group, as
shown in Figure 4D (p < 0.001).

4 CONCLUSION

In summary, the results of the present study clearly
demonstrated the positive effects of early osseointegration
of the dental implants upon the application of Er:YAG and
Nd:YAG lasers. It was observed that a simultaneous
combined application of the Er:YAG and Nd:YAG lasers
can achieve the best results for both bone repair and tissue
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reconstruction of the implants. These findings of the study
thus provide a new clinical method for effectively promoting
early bone integration of the implants. However, further
clinical trials are needed to also evaluate the potential
effects of dual-wavelength laser-assisted implant placement
for bone repair.
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The treatment of bone defects is still an intractable clinical problem, despite the fact that
numerous treatments are currently available. In recent decades, bone engineering
scaffolds have become a promising tool to fill in the defect sites and remedy the
deficiencies of bone grafts. By virtue of bone formation, vascular growth, and
inflammation modulation, the combination of bone engineering scaffolds with cell-
based and cell-free therapy is widely used in bone defect repair. As a key element of
cell-free therapy, exosomes with bioactive molecules overcome the deficiencies of cell-
based therapy and promote bone tissue regeneration via the potential of osteogenesis,
angiogenesis, and inflammation modulation. Hence, this review aimed at overviewing the
bone defect microenvironment and healing mechanism, summarizing current advances in
bone engineering scaffolds and exosomes in bone defects to probe for future applications.

Keywords: bone tissue engineering, scaffold, bone defect, bone regeneration, cell-free therapy, exosome

INTRODUCTION

Bone is one of the important organs of the musculoskeletal system, which has load-bearing abilities
and can perform locomotion as well as protect the internal organs. When suffering from high-energy
trauma, nonunion, osteomyelitis, and tumor resection, loss of bone tissues will result in bone defects
(Ma et al., 2021). Bone tissues are constantly remodeled and have better self-repair and regeneration
ability, which allows the damaged bone tissues to fully recover to pre-injury integrity and mechanical
properties (Majidinia et al., 2018). On the contrary, when the defects exceed the regeneration ability
due to insufficient blood supply, local infection, drug side effects, malnutrition, etc., it will be difficult
for large-sized bone defects to return to normal and seriously affect the patients’ motor function and
life quality, which necessitates extra clinical treatments (Nauth et al., 2018).

For bone defects, the aim of rehabilitation is to recover the mechanical and functional integrity of
the structure, so bone grafts and bone graft substitutes become suitable choices, which are widely
explored for a better therapeutic effect (Li S. et al, 2021). The current available grafts include
autologous bone grafts, allogeneic bone grafts, heterogenous bone grafts, and synthetic grafts, as well
as cell-based therapy and cell-free therapy such as stem cells, bioactive factors, and extracellular
vesicles (Baldwin et al., 2019; Wang and Yeung, 2017). Whether autologous bones or allogeneic and
heterogenous bones, all have limitations for the treatment of bone defects, which make it difficult to
meet the clinical demands (Schmidt, 2021). Consequently, it is urgent to develop alternative synthetic
graft substitutes such as bone engineering scaffolds. An ideal bone engineering scaffold should meet
the following criteria: excellent biocompatibility, biodegradability, osteoconduction, osteoinduction,
and osteogenesis (Turnbull et al., 2018). To date, inorganic components, natural polymers, synthetic
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polymers, and metals, such as hydroxyapatite, collagen,
poly(lactic acid), black phosphorus, and magnesium alloys,
have been utilized in bone tissue engineering scaffolds
(Amiryaghoubi et al., 2020; Bharadwaz and Jayasuriya, 2020;
Zhang B. et al., 2021).

To fill in the bone defect sites and achieve desired therapeutic
outcomes, bone engineering scaffolds are often integrated with
stem cells, bioactive molecules, and extracellular vesicles
(Brennan et al, 2020). Though bone engineering scaffolds
provide stem cells with a platform for cell adhesion, migration,
proliferation, and differentiation, the stem cells are also not ideal
supplementary materials due to low survival rate, immunological
rejection, tumorigenesis, and microthrombosis (Brennan et al.,
2020). The extracellular vesicles, such as exosomes, have been
proven to present parental cells and deliver bioactive molecules
(e.g., nucleic acids, proteins, lipids, and metabolites), thus having
the ability of osteogenesis, angiogenesis, and inflammation
modulation, which promise to be desirable components
combining with bone engineering scaffolds to repair bone
defects (Huber et al,, 2022; Li et al., 2020; Liu et al., 2018).
The applications of exosomes and bone engineering scaffolds are
still to be further researched, and there remain some problems to
be solved. Therefore, this review will first focus on the bone defect
microenvironment and bone healing mechanism. Based on this,
we will discuss current treatments of bone defects and especially
highlight bone engineering scaffolds and cell-free therapy. Then
we will summarize the applications of exosomes and bone
engineering scaffolds in bone defects. The potential problems
and improvements to optimize exosome-integrated bone
engineering scaffolds are also discussed.

BONE DEFECT MICROENVIRONMENT AND
BONE HEALING MECHANISM

The bone tissue structures are composed of cortical bone and
cancellous bone (Buck and Dumanian, 2012). The cortical bone,
consisting of osteons, acts as a supporter due to high mechanical
strength. The cancellous bone, a porous structure, is composed of
trabecular bones and bone marrows, which is the harbor of
hematopoiesis and bone metabolism (Buck and Dumanian, 2012).
In general, bone tissues are constantly in the state of dynamic
absorption and remodeling, making it possible for bone tissues to
adapt to growth, development, and dynamic mechanic load (Oftadeh
etal,, 2015). However, the normal function of the bone depends on its
structural and compositional integrity, and bone regeneration
depends on an ideal microenvironment. For a critical-sized defect,
a bone engineering scaffold will provide the damaged bones with
mechanical support and a microenvironment favorable for
regeneration (Roseti et al, 2017). Therefore, an in-depth
understanding of the bone defect microenvironment will provide
clues for developing a better bone engineering scaffold system and
promoting bone regeneration.

Bone Defect Microenvironment
The bone defect microenvironment refers to the dynamic
composition and cross-interactions of various cells and

Exosome-Integrated Bone Engineering Scaffolds

molecules in the bone defect sites (Figure 1). The
microenvironment is extremely complex. On one hand, it
spans the various stages of bone healing in terms of time,
including the inflammation stage, bone formation stage, and
remodeling stage (Oryan et al, 2015). On the other hand, its
composition includes a wide variety of cells, such as mesenchymal
stem cells (MSCs), hematopoietic stem cells, immune cells,
endothelial cells, osteoblasts and osteoclasts, and various
bioactive factors, such as receptor activator of nuclear factor-
kappa B ligand (RANKL), platelet-derived growth factor (PDGF),
bone morphogenetic proteins (BMPs), and interferon-gamma
(IFN-y), which engage in osteogenesis, angiogenesis, and
inflammation modulation (Safari et al, 2021; Zhou et al,
2021). Detailed summaries and discussions have been reviewed
by Zhu et al. (2021). In the meanwhile, a recent single-cell
sequencing study revealed that skeletal muscle-derived
mesenchymal progenitors also engage in bone repair, which
will explain why adjacent tissues also matter (Julien et al,
2021). In addition, Zhang H. et al. (2021) suggest that B cells
are key regulators of bone healing in the bone marrow
microenvironment due to the opposite pattern between B cells
and bone formation and resorption activities. Considering the
fact that outcomes of bone defect healing are uncertain under the
influence of different risk factors, such as age, nutritional status,
and contamination degree (Nicholson et al., 2021), we suspected
that differences in the bone defect microenvironment may
contribute to it. Therefore, further research studies on the
bone defect microenvironment will help to explain the bone
healing mechanism and pathogenesis of nonunion and delayed
union, providing novel ideas and more personalized strategies for
clinical practice.

Bone Healing Mechanism

The defects sites initiate a cellular cascade to repair injury and
promote regeneration shortly after the occurrence of bone
defects. These cells participate in several continuous events,
including hematoma formation, inflammatory reaction, fibrous
callus formation, intramembranous ossification, endochondral
ossification, and bone remodeling, which accompany an orderly
cascade of anabolism and catabolism (Li et al., 2019). Specifically,
blood clots in the damaged areas and immune cells migrate to
remove the necrotic components. Next, recruited fibroblasts,
osteoprogenitor cells, and MSCs proliferate and differentiate to
form a fibrous tissue, followed by intramembranous and
endochondral ossification. In the final stage, the new bone
tissues are constantly absorbed and remodeled under
mechanical forces, forming an orderly bone structure and
returning to normal function (Kalfas, 2001; Zhu et al., 2021).
Intramembranous ossification means that MSCs migrate and
proliferate to form condensation, differentiate into osteoblasts,
and secrete collagen, followed by vascular ingrowth and cortical
bone and cancellous bone formation (Percival and Richtsmeier,
2013). Endochondral ossification means that MSCs differentiate
into chondrocytes and secrete collagen matrix, followed by
vascular ingrowth and cartilage degradation, finally forming
the primary ossification center and secondary ossification
center, and forming mature bone structure (Mackie et al,
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FIGURE 1 | Bone defect microenvironment. Dynamic composition and cross-interactions of various cells and molecules are involved in the bone defect
microenvironment. The bone healing stages include 1) inflammation stage, 2) bone formation stage, and 3) remodeling stage, which entails immune cells, chondrocytes,
stem cells, osteoblasts, etc., and RANKL, PDGF, BMPs, TNF-q, etc., in a spatiotemporal manner.

2011). In addition, many other cytokines are also involved in the ~ engineering technology, the combination of advanced

process of bone healing (Zhu et al., 2021). Although bone tissues
have the remarkable ability of healing, bone defects still do not
return to normal when the defect ranges exceed the critical-sized
bone defect, which means loss of a length exceeding 2-2.5 times
the diameter of the damaged bone (Wiese and Pape, 2010). This
will overwhelm the ability of bone regeneration because of
mechanical instability and biological disadvantage, indicated
by poor vasculature, bone nonunion, and pseudarthrosis,
which requires clinical treatments to support mechanical
stability and a suitable microenvironment so as to achieve
functional reconstruction (Elliott et a