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Layered Double Hydroxides: A Novel Promising 2D
Nanomaterial for Bone Diseases Treatment
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Bone diseases including bone defects, bone infections, osteoarthritis, and
bone tumors seriously affect life quality of the patient and bring serious
economic burdens to social health management, for which the current clinical
treatments bear dissatisfactory therapeutic effects. Biomaterial-based
strategies have been widely applied in the treatment of orthopedic diseases
but are still plagued by deficient bioreactivity. With the development of
nanotechnology, layered double hydroxides (LDHs) with adjustable metal ion
composition and alterable interlayer structure possessing charming

tumors seriously affect the life quality of
the patient and bring serious economic
burdens to social health management.>=!
However, the current clinical treatment ef-
fect for these diseases are far away from sat-
isfactory.

During the last decades, material sci-
ence and nanotechnology have made a sig-
nificant impact on the therapies for bone
diseases.[”] For example, bone tissue en-

physicochemical characteristics, versatile bioactive properties, and excellent
drug loading and delivery capabilities arise widespread attention and have
achieved considerable achievements for bone disease treatment in the last
decade. However, to the authors’ best knowledge, no review has
comprehensively summarized the advances of LDHs in treating bone disease
so far. Herein, the advantages of LDHs for orthopedic disorders treatment are
outlined and the corresponding state-of-the-art achievements are summarized
for the first time. The potential of LDHs-based nanocomposites for extended
therapeutics for bone diseases is highlighted and perspectives for
LDHs-based scaffold design are proposed for facilitated clinical translation.

1. Introduction

Bone consisting of bone cells embedded in hierarchical inter-
cellular collagen and calcium phosphate plays an important
role in the body structural support, organs protection, and en-
docrine system and hematopoiesis regulation.['?] Bone diseases
including bone defects, bone infections, osteoarthritis, and bone

gineering aiming to combat the limitations
of conventional treatments for bone defects
has emerged as a promising field, where
biomaterials-based strategies account for
an essential component.1 Various ma-
terials have been exploited and achieved
encouraging results in bone tissue engi-
neering, such as ceramics, polymers, and
metals.[!21*] For bone infections and bone
tumors, materials with intrinsic antibac-
terial or antitumor properties or loaded
with antibacterial or antitumor drugs have
also been designed for effective bacte-
rial and tumor elimination and functional
reconstruction of the affected bone.['>18]
Various hydrogel microspheres with anti-inflammatory and
chondrogenic properties have also been developed to alleviate in-
flammatory pain and halt cartilage degeneration in osteoarthri-
tis patients.21] Nevertheless, the therapeutic efficiency of these
biomaterial-based strategies for bone diseases is far away from
excellent and still has a long way to go before entering clinical
practice.[>1122]
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Figure 1. 2D LDHs with charming physicochemical characteristics and versatile bioactive properties is a promising candidate for multiple bone disease

treatment.

Layered double hydroxides (LDHs) composed of positively
charged metallic layers and interlayer anions possess great bio-
compatibility and unique physicochemical properties have re-
cently attracted tremendous attention in biomedical field.[?>-%]
Originally, LDHs were used as active ingredients in antacids and
anti-pepsin agents to relieve stomach pain caused by excess gas-
tric acid and achieved good curative effects.[>>?°] The pioneer-
ing study applying LDHs for bone disease treatment was first
explored by Lin et all?’l in 2011, who directly grew oriented
MgFe-LDHs on pure Mg substrate to obtain better osteoinduc-
tion and osteointegration performance of Mg substrate. It turned
out MgFe-LDHs-Mg substrate possesses improved hydrophilic-
ity, better cellular spreading, and cellular interaction behavior,
as well as much higher corrosion resistance compared with
pure Mg. Since then, LDHs with adjustable metal ions composi-
tion possessing charming physicochemical characteristics (posi-
tively charged surface, alterable interlayer structure, etc.), versa-
tile bioactive properties (osteogenesis, angiogenesis, chondroge-
nesis, etc.), and excellent substance loading and delivery capabil-
ities (drug, bioactive molecule, photosensitizer, etc.) have arose
widespread attention and achieved great achievements in bone
diseases treatment (Figure 1).[283¢] However, to our best knowl-
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edge, no review has comprehensively summarized the advances
of LDHs in treating bone diseases so far. Herein, we outline the
advantages of LDHs-based strategies for treating bone diseases
and summarize the corresponding state-of-the-art achievements
for the first time. We also highlight the potential of LDHs for ex-
tended orthopedic applications and propose some perspectives
for LDHs-based scaffold design for facilitated clinical translation.

2. The Structure and Preparation of LDHs

LDHs are a class of anionic layered clays containing hy-
droxide layers of divalent metal cations and trivalent metal
cations, the formula of which is expressed as [M**;  M3*
+(OH),](A""),,,-mH,0, where M** and M’* represent a bivalent
metallic cation and a trivalent metallic cation and A"~ is an in-
terlayer anion.3738] Specifically, six hydroxide ions constitute an
octahedral unit and are coordinated with centrally located metal
cations, a hydroxide ion is also shared by three octahedral units
(or three metal ions) to present the hexagonal shape of LDHs
nanosheet (Figure 2a,b).3*2l The M?*/M>3** ratio commonly
ranged from 2 to 4, of which LDHs can obtain better purity and
crystallization.[*3] Notably, the metal ion composition, interlayer
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Figure 2. a) Schematic diagram of LDH structures. M?* jons and M3* ions positioned in octahedral [M(OH)¢] units share edges in a layered fashion.
The layers are in [ab] plane while assembling of the layers is accomplished in the [c] axis direction. Reproduced with permission.3° Copyright 2018,
John Wiley and Sons. b) The SEM (i), TEM (ii), and AFM (iii) images of hexagonal LDHs nanosheets. Reproduced with permission.[“°l Copyright 2017,
American Chemical Society. Copyright 2023, John Wiley and Sons. Copyright 2022, Awassa et al. c) Diagrammatic presentation of the characteristics and
advantages of LDH-based nanomaterials for biomedical applications. Reproduced with permission.[?’] Copyright 2022, Royal Society of Chemistry. d)
Elastic modulus and hardness of different pressed pristine LDH discs before and after being immersed in the medium for 10 days. All values are similar
to cortical bone. Reproduced with permission.[*] Copyright 2018, Elsevier. e) Application mode and osteogenesis mechanism of bioactive metal ions in
the healing process of bone defects. Reproduced with permission.[>] Copyright 2022, Royal Society of Chemistry. SEM, scanning electron microscope;
TEM, transmission electron microscopy; AFM, atomic force microscopy.
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spacing and structure, specific surface area, surficial morphology
of LDHs are alterable, which endow LDHs with different physic-
ochemical characteristics and biological activities for enhanced
biomedical application scenarios (Figure 2¢).[25#447]

Regarding the synthesis of LDHs, “top-down” and “bottom-
up” preparation techniques are the two most commonly applied
methods. Typical, “top-down” techniques usually employ phys-
ical shear forces or chemical intercalation to break up connec-
tions between neighboring layers from their blocky counterparts
to obtain monolayers or multi-nanolayers. Although miniatur-
izing bulk LDHs is a convenient process, the method relies on
either removing or dividing the parent material, which leads to
uneven surfaces. The bottom-up strategy, in contrast, depends
on the direct generation of LDH nanosheets utilizing chemical
processes. The latter can be utilized to produce more intricate,
flawless surfaces. Coprecipitation is a traditional bottom-up pro-
cedure, with advantages of cheap, simple, and conducive to mass
production. In this way, a salt solution containing divalent and
trivalent metal cations is gently introduced into the target anion
solution. With the addition of sodium hydroxide or urea, cationic
hydroxides are simultaneously precipitated to provide an alkaline
environment with a pH range of 6-11. A suitable temperature of
60-80 °C is also necessary for increasing the crystallinity of pro-
duced LDHs. For the hydrothermal synthesis method, alkaline
solution and metal ions—contained solution are mixed in a hy-
drothermal reactor with high temperature and pressure, which
can produces LDHs with outstanding crystallinity and high pu-
rity. Other typical methods involve anion exchange, atom econ-
omy method, and separate nucleation and aging steps, and so
on. In addition to pristine LDH, LDH-based nanomaterials for
biomedical applications could be developed via a range of syn-
thesis techniques such as reconstruction and in situ growth, and
so on, to achieve diverse structures and varied physicochemical
features.[25484]

Moreover, as 2D nanomaterial, LDHs were also widely ex-
plored as coating material to promote the bioactivity of conven-
tional scaffolds. In situ growth with high simplicity and effi-
ciency is the most frequently employed approach to coat LDHs
on magnesium-based materials, which roughly includes in situ
electrodeposition, hydrothermal treatment, urea hydrolysis, and
steam coating. On the other hand, the adsorption process is
a mass transfer strategy that involves the sorption of different
species over specific surfaces using erratic forces of attraction.
For example, positively charged LDHs tend to bond with nega-
tively charged metal nanoparticles through non-covalent interac-
tions. Moreover, coprecipitation, electrochemical deposition, and
anion exchange are also commonly used methods. The thickness
of LDHs coating falls between 0.82 and 80 um, which were typ-
ically adjustable according to the expected function exit by con-
trolling the milder temperature or changing the ratio of metal
ions. Meanwhile, the density of the LDHs coating could also be
adjusted by altering the processing time and pH value during the
fabrication process.[*-1]

3. The Advantages of LDHs in Treating Bone
Diseases

With adjustable chemical composition and unique physicochem-
ical properties, LDH-based nanomaterials hold many advantages
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in treating bone diseases as summarized in the following: 1) With
great biocompatibility and negligible cytotoxicity, LDHs can be
widely fabricated and explored as drugs, injections, and implant
coating materials for bone diseases treatment.l>>53] 2) Pristine
LDHs (Mg-Al, Mg-Fe, Zn-Al, and Zn-Fe) possess an elastic mod-
ulus of 9-35 GPa, which is similar to cortical bone (5-23 GPa)
and can provide sufficient mechanical support but avoid stress
shielding as bone-repair material (Figure 2d).>*) 3) The lamellar
metal ions of LDHs are adjustable, of which different metal ions
have been proven to possess the capability of regulating various
pathophysiologic processes (Figure 2e).*] For example, Mg?*,
Fe**, and Ca** have been widely applied as osteogenic metal ions
in the field of bone tissue engineering.>*®°! Cu?* and Sr** have
been proven to possess potent angiogenesis properties, which is
in favor of inducing vascularized bone regeneration.[®1-63] Mn?*
and high concentrations of Mg?* showing chondrogenic proper-
ties can be utilized to delay cartilage degeneration in osteoarthri-
tis patients.[®%7] Antibacterial metal ions including Zn?* and
Mn?* can also be doped in LDHs and endow LDHs with fa-
vorable antibacterial properties.[®®7%l Thus, LDHs composed of
different bioactive metal ions can propose versatile therapeutic
effects and are promising in treating different bone diseases.
4) The ultra-thin layer structure of LDHs and negligible shear
strength between the layers make LDHs easy to enter the fric-
tion surfaces and transform sliding friction into rolling friction,
thus significantly decreasing the friction coefficient between the
surfaces,!”"7*] which is promising to be applied in treating os-
teoarthritis that is characterized by increased friction in joints
(Figure 3a). 5) ROS generated by specific LDHs (e.g., Zn-LDHs
and Ti-LDHs) with outstanding photocatalytic performance and
abundant hydroxyl groups on the surface can be a potential
strategy for bone infection and bone tumor treatment.!*>7577]
6) LDHs possess superior substrate loading and delivery abili-
ties with the following mechanism: i) The large specific surface
area (100-600 m? g7') and alterable interlayer spacings (0.73—
2.28 nm) endow LDHs with potent substrate loading and de-
livery ability.”#% ii) Positively charged LDHs tend to conjugate
with negatively charged substrates by electrostatic force and the
abundant hydroxyl groups on LDHs surface can further enhance
the substrates loading ability of LDHs (Figure 3b).8'#"] iii) Posi-
tively charged LDHs tend to interact with the negatively charged
cell surface protein (Clathrin) or bacterial membranes, making
LDHs effective for intracellular and intrabacterial functional sub-
strate delivery for enhanced therapeutic effects (Figure 3c),[258188]
where the functional substrate can be drugs, bioactive molecules,
genes, and photosensitizers, which allow LDHs to participate var-
ious physiological processes and exert corresponding therapeutic
effects (Figure 3d).®! iv) The confinement effect of LDHs can
maintain the stability and dispersibility of loaded drugs or other
substrates by protecting them from degradation in vivo thus en-
hancing therapeutic efficiency.[2#°] v) Targeted drug delivery can
also be realized due to alkaline LDHs degrading faster and re-
leasing more drugs in acidic or H,O,-riched microenvironment
that is commonly observed in bone infections, bone tumors, and
osteoarthritis (Figure 3e,f).B199-931 With the above advantageous
characteristics, LDHs can prominently outperform other porous
biomaterials such as ceramics and polymers that are commonly
used in orthopedics regarding drug loading and delivery. Tak-
ing alendronate (an anti-osteoporosis drug) as an example, the
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Figure 3. a) Schematic representation of the mechanism by which 2D LDHs functioned in lubrication. Improved lubrication greatly lowers the surface
friction at interfaces. Reproduced with permission.[’?] Copyright 2018, Elsevier. b) The role of positive charge of LDHs in different substrates delivery
applications. Reproduced with permission.[8'] Copyright 2021, Elsevier. c) Clathrin-mediated endocytosis of LDH and intracellular drug release. Repro-
duced with permission.[3] Copyright 2021, Elsevier. d) Therapy of bone tumor with risedronate intercalated LDHs and therapy of bone implantation with
drug-loaded LDHs. Reproduced with permission.[8'l Copyright 2021, Elsevier. e) Diagrammatic illustration of alkaline LDH's facilitates molecules inser-
tion and release of LDHs intercalated molecules in low pH microenvironment. Reproduced with permission.[81] Copyright 2021, Elsevier. f) Illustration
on the possible reaction process of the drug released from LDHs at H,O, rich and acidic tumor microenvironment. Reproduced with permission.[81]
Copyright 2021, Elsevier.
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Table 1. The loading content and encapsulation efficiency of different
porous biomaterials for alendronate.

Biomaterial Category LC (%) EE (%) Reference
MgAlYb-LDHs 2D nanomaterial 197 98.6 [32]
Porous hydroxyapatite Ceramic 21.7 92.3 [94]
Porous calcium phosphate Ceramic 14.4 72 [95]
Chitosan nanoparticles Natural polymer / 66.8 [96]
Porous polycaprolactone Synthetic polymer 20.7 34 [97]
PLGA/hydroxyapatite Composite / 36.2 [98]

LC, loading content; EE, encapsulation efficiency; LDHs, layered double hydroxides;
PCL, polycaprolactone; PLGA, poly(lactic-co-glycolic acid).

loading content and encapsulation efficiency of MgAlYb-LDHs
for alendronate are significantly higher than that of other porous
orthopedic biomaterials, as summarized in Table 1. Thus, with
superb loading capacity and target delivery ability determined by
acid-responsive degradation properties, LDHs are promising to
serve as an effective drug loading and delivery platform for bone
disease treatment.

4. LDHs for Bone Tissue Engineering

Bone tissue engineering aims to design and fabricate
biomaterial-based scaffolds that outperform autologous bone
grafts to effectively treat bone defects by providing temporary
mechanical support during bone-repair process and inducing
mineralized matrix deposition.[**-1%11 Appropriate selection of
biomimetic materials is essential for effective and successful
bone regeneration and remolding. First, appropriate mechanical
strength is important for bone tissue engineering materials
to provide sufficient support and avoid stress-shielding effects
during the bone-repair process.[1%1% Second, good biocompat-
ibility and negligible cytotoxicity are prerequisites for materials
applied in bone tissue engineering.'!l Third, the hypothetical
materials should possess favorable osteogenesis, osteoinduction,
and osteointegration properties to induce new bone formation
and integrate neo-bone with the implanted scaffold.[103105:106]
Fourth, angiogenesis properties of materials also greatly matter
because neovascularization in bone defect areas can facilitate
oxygen and nutrition supply as well as metabolite elimination
thus promoting bone regeneration.'’-1%] Finally, materials
with extra chondrogenesis properties are idealistic in dealing
with osteochondral defects, articular cartilage defects, and
osteoarthritis.['1%112] Since the 1990s, biomaterials including
ceramics, natural polymers, synthetic polymers, metals, and
carbon-based materials attract increasing attention in bone
tissue engineering.!12113-116] However, all the above biomate-
rials bear some disadvantages hindering clinical translation.
For example, ceramics are commonly brittle and tend to suffer
prosthetic fractures. Natural polymers bear poor mechanical
properties and cannot provide sufficient support for bone heal-
ing. Synthetic polymers and carbon-based materials are criticized
for potential biotoxicity. Metals tend to induce stress shielding
that is detrimental to bone reconstruction due to excessive me-
chanical properties. Therefore, LDHs with good biocompatibility
and biomechanical properties, versatile bioactivity, and excellent
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drug loading and delivery ability have emerged as promising
candidates for bone tissue engineering in the last decade. The
comparison of LDHs with other conventional orthopedic materi-
als in terms of several most important properties for bone tissue
engineering is summarized in Table 2.

4.1. The Mechanical, Corrosion Resistance, and Degradation
Properties of LDHs

Mechanical properties are essential properties for materials ap-
plied in bone tissue engineering.[192131] Materials with similar
mechanical properties to natural bone can provide necessary sup-
port and avoid stress shielding after transplantation.1%135 Tt ig
reported that pristine LDHs (Mg-Al, Mg-Fe, Zn-Al, and Zn-Fe)
possess an elastic modulus of 9-35 GPa, which is similar to cor-
tical bone (5-23 GPa).>*l Most LDHs can maintain their shape
and biomechanical properties after being immersed in the cul-
ture medium for a long period.>*!3¢] Besides favorable intrinsic
mechanical properties, the capacity to exchange anions and in-
corporate long-chain organic anions of LDHs make them one
of the most used reinforcing fillers for bone tissue engineer-
ing materials.['*”] The composites composed of LDHs and syn-
thetic polymer have been proved to possess favorable mechani-
cal properties. For instance, a bioinspired multilayered film com-
posed of LDHs and poly(vinyl alcohol) (PVA) with high tensile
strength and ductility was fabricated by spin coating PVA on
LDH nanosheets (Figure 4a). The film shows better mechanical
performance with the LDHs content increasing and possesses a
tensile strength of 169.36 MPa and a lamellar bone-comparable
elastic modulus when LDH ingredient accounts for 98 wt% of
the composite.[!®] Besides, LDH/polyacrylamide (PAM) hydro-
gels show perfect deformability and extraordinary stretchabil-
ity, proposing a promising application in repairing intervertebral
discs and muscles (Figure 4b).['**) Moreover, LDHs were also re-
ported to enhance the tensile strength and elongation of PCL
scaffold."*%] Despite natural polymers with high water content
bear low mechanical properties, composites composed of LDH
and natural polymers show enhanced mechanical properties. For
example, LDH/gelatin composite fabricated with coprecipitation
and solvent-casting methods possesses Young’s modulus of 19.8
+ 0.41 and 12.5 + 0.35 GPa.l'*!l In addition, Lv et al.l''’] com-
bined MgFe-LDH with CS hydrogel to strengthen the mechanical
properties of CS hydrogel. Significantly increased storage modu-
lus (G’) was observed in hydrogels with higher LDH concentra-
tions and the 0.1 wt/vol% MgFe-LDH/CS sample showed the best
G. The compression mechanical properties of the MgFe-LDH/CS
hydrogels were also tested, which demonstrated that MgFe-LDH
obviously increases the compression mechanical properties of
the CS hydrogel. Notably, the compression modulus of the 0.1
wt/vol% MgFe-LDH/CS sample increases by 10.2-fold as com-
pared to that of the CS sample (Figure 4c).

Biodegradable materials can avoid re-surgery to remove im-
plant, thus reducing the physical and financial burdens on pa-
tients. However, the long duration of bone healing and remod-
eling (commonly taking 3—-6 months) requires a slow degrada-
tion rate and high corrosion resistance of the materials.[142-144]
LDHs with favorable corrosion resistance have been served as
coating materials for pure Mg. Higher corrosion potential, larger

2301806 (6 0f30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 2. The comparison of LDHs with other conventional bone tissue engineering materials.

Category Examples Biocompatibility ~Mechanical Biodegradability Osteogenesis Angiogenesis Chondrogenesis Reference
property

LDHs MgAI-LDH Good Excellent Good Excellent Good Good [36, 117-119]

Ceramic Hydroxyapatite, bioactive glass Good Excellent Poor Good Poor Poor [12, 120-122]

Natural polymer Collagen, hydrogel Excellent Poor Excellent Fair Poor Poor [123-125]

Synthetic polymer PCL, PLA, PMMA Poor Fair Poor Poor Poor Poor [13, 126-128]

Metals Titanium, magnesium alloy Good Good Poor Fair Poor Poor [14, 129-137]

Carbon-based Graphene, carbon nanotubes Fair Excellent Fair Good Poor Poor [132-134]

nanomaterials

LDHs, layered double hydroxides; PCL, polycaprolactone; PLA, polylactic acid; PMMA, polymethyl methacrylic.
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Figure 4. a) Schematic diagram of fabrication of bioinspired multilayered PVA/LDH hybrid films. Reproduced with permission.['*8] Copyright 2014,
American Chemical Society. b) The prepared LDH/PAM hydrogel can withstand various mechanical deformations such as elongation, bending, knot-
ting, knotting and subsequent elongation, and compression. Reproduced with permission.l’3° Copyright 2015, Royal Society of Chemistry. c) The
compressive modulus of various CS samples. Reproduced with permission.l""7] Copyright 2022, John Wiley and Sons. d) Potentiodynamic polarization
of Mg, Mg-Mg(OH),, Mg-LDH, and accumulative hydrogen evolution of various samples after immersed in PBS. Reproduced with permission.34 Copy-
right 2021, Cheng et al. e) Schematic illustration of the preparation of PEO/MgAI-LDH composite coating. Reproduced with permission.[146] Copyright
2017, Springer Nature. f) Hydrogen evolution and corrosion rate of all samples. Reproduced with permission.!'#¢] Copyright 2017, Springer Nature. g)
Corrosion morphologies of PEO, LDH-Mn, LDH-Fe, and LDH-Co after 4 and 14 days of immersion. Reproduced with permission.[*/] Copyright 2022,
John Wiley and Sons. PVA, poly(vinyl alcohol); PAM, polyacrylamide; CS, chitosan/silk fibroin; PEO, plasma electrolytic oxidation; EIS, electrochemical
impedance spectroscopy.
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impedance, and less hydrogen evolution were observed in Mg-Al
LDH-coated Mg compared with pure Mg and Mg (OH),-coated
Mg (Figure 4d). The authors ascribed the enhanced corrosion re-
sistance of Mg-Al LDH-coated Mg to its anion exchangeability
reducing Cl~ attack.3*] Peng et al.l'*>1%¢] fabricated a plasma elec-
trolytic oxidation/MgAl-LDH (PEO/MgAIl-LDH) composite coat-
ing to further enhance the corrosion resistance of magnesium
alloy (AZ31) (Figure 4e). Reduced hydrogen evolution and corro-
sion rate were observed in PEO/MgAIl-LDH group compared with
AZ31, PEO, and LDH groups (Figure 4f). Furthermore, when a
low Zn content (1.17 at%) was added to the Mg-Al LDH (Mg-Zn-
Al LDH), the coating composite (PEO/Mg-Zn-Al LDH) acquires
better corrosion resistance. In another study, Mn-based LDH was
identified to possess better corrosion resistance in comparison
with Fe-based LDH and Co-based LDH (Figure 4g).'*’]

The released metal cations and interlayer anions depending
on the degradation behaviors contribute to the bioactivity of
LDHs. As an alkaline 2D nanomaterial, LDHs possess acid-
responsive degradation properties and tend to degrade faster
in acidic environments, which benefits targeted drug delivery
as acidic or H,0,-riched microenvironment is more commonly
observed in bone infections, bone tumors, and osteoarthritis
circumstances.!?>#! Of note, LDHs, composed of different metal
ions, response differ with acidic environments, such as MgAl-
LDH tend to degrade much faster than ZnAl-LDHs in acidic
buffer solution.?*18] The particle size can also influence the acid-
responsive biodegradability of LDHs. For instance, the larger
MgAl-LDHs nanosheets (average size 246 + 3 nm) were proved
to be more sensitive to acidic environments than the smaller
MgAl-LDHs nanosheets (average size 55 + 2 nm) (Figure 5a).[1#°!
Despite no study has systematically evaluated the degradation
paradigms of various LDHs, Cao et al.’®! visually recorded the
degradation process of FeAl-LDH using real-time TEM, which
demonstrated the initial decomposition of the nanosheet edge in
an initial 30 min followed by a collapse of the major structure
in 2 h. Meanwhile, amount H* ions penetrated the interlayer
gallery of the FeAl-LDHand protonate the central OH™ groups,
thus accelerating nanosheet collapse was observed, indicating the
impact of an acidic environment on the degradation behaviors
of LDHs (Figure 5b). In addition, the degradation products of
LDHs can be easily metabolized and excreted through the liver
and kidney, as detected in feces and urine, promising the high
biocompatibility of LDHs.['3151] Nevertheless, the comprehen-
sive metabolic pathways, biodistribution, and degradation mech-
anisms of different LDHs need further exploration.

4.2. The Biocompatibility and Cell-Responsive Properties of LDHs

The great biocompatibility of LDHs has been widely verified as
studies reported the magnesium, zinc, and aluminum released
from LDHs show no cytotoxic effects but promote the viability,
adhesion, migration, and proliferation of co-cultured cells.[136:140]
Even so, the increased pH value and metal concentration in the
cell culture medium were observed when co-culturing cells with
LDHs.3] As metal elements always bear some degree of bio-
logical toxicity in high concentration, a safe metal concentration
range that exerts optimum therapeutic effects but does not cause
cytotoxicity should be identified, especially when the traditional
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MgAl elements of LDHs were exchanged with other metals, since
rare metal ions tend to impose a negative impact on cellular
homeostasis.['%21%] 1t is demonstrated that aluminum is one of
the less toxic metals (Na < Cr < Mg < Mo < Al < Ta< Co < Ni< Fe
< Cu < Mn < V).['3¢ Zn-containing LDHs were reported to show
higher cytotoxicity than Mg-containing LDHs both in the form of
suspension and extract.[**! However, in another study conducted
by Wang et al.,[**”] the cell viability in response to Zn-Al LDH
was reported to be 20% higher than control medium and 40%
higher than MgAl-LDH-containing medium. Therefore, the cy-
totoxicity and secure concentration range of LDHs with different
metal ions are not yet conclusive and further studies are needed.

Different signal pathways were involved in the biological
responses of cells to LDHs nanosheet, which varies with the
alteration of metal ion composition in LDHs and cell types.
For example, when co-cultured with macrophage cells, MgAl-
LDH and CaAl-LDH can induce macrophage to polarize to M2
phenotype (anti-inflammatory) thus promoting osteogenesis
of bone defects and osteoporosis (Figure 6a).**] By contrast,
MiR155-loaded MgAI-LDH was reported to downregulate the
expression level of phosphorylated STAT3 and ERK1/2 and
upregulate NF-kB expression thus promoting M1 polariza-
tion of tumor-associated macrophages (Figure 6b).*¥1 Wu
et al.l®] evaluated effects of MgAl-LDH nanoparticles on mouse
embryonic stem cells (mESCs) and found MgAI-LDH nano-
materials can maintain the self-renewal properties and inhibit
spontaneous differentiation of mESCs through upregulating
pluripotent genes and downregulating lineage-specific genes of
PI3K signaling pathway. In another study, enhanced expression
of pluripotency-related genes and maintained stemness of
mESCs were induced by MgFe-LDHs, where LIFR/PI3K/AKT
and LIFR/JAK/STAT3 signaling pathways were reported to be
activated by MgFe-LDHs and result in downstream p-STAT3
activation and TET1/2 expression.l'®” Moreover, the upregula-
tion of Wnt/f-catenin pathway, MAPK-dependent pathway as
well as downregulation of NF-xB signaling pathway leading to
enhanced osteoblastogenesis and inhibited osteoclastogenesis
were reported to contribute to the potent osteogenesis properties
of LDHs nanosheets (Figure 6¢,d).[>>36:39118.16L162] Meanwhile,
Zhu et al." found MgAl-LDH could induce migration, neural
differentiation, L-Ca?*channel activation, and inducible action
potential generation of neural stem cells (NSCs) by activating
transforming growth factor-g receptor 2 (TGFBR2) (Figure 6e).
Fernandes et al. demonstrated that cytoskeleton rearrangement,
extracellular matrix (ECM) remodeling, and inflammatory
landscape may account for the LDHs-induced adhesion, prolifer-
ation, and migration of fibroblasts, among which many bioactive
factors and signal pathways were mobilized.[13¢1*] In the pro-
cess of activating dendritic cells, LDHs dose-dependently
induces nuclear NF-kB expression and decreases IkBa
level.[165]

4.3. LDHs for Osteogenesis

4.3.1. The Intrinsic Osteogenesis Properties of LDHs

Given the flexibility of coupling various metals that possess
osteogenic capabilities (Mg?*, Sr**, Ca’*, etc.), LDHs have been
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Figure 5. a) Degradation behaviors of larger MgAI-LDH (left) and smaller MgAI-LDH (right) in PBS of different pH. Reproduced with permission.[14]
Copyright 2023, Wiley—VCH. b) Degradation performance of FeAl-LDH nanosheets in a buffer of pH 5.0 for a,e) 10 min, b,f) 30 min, c,g) 60 min, and
d,h) 2 h; scale bar = 200 nm. Reproduced under the terms of the Creative Commons CC-BY license.l??] Copyright 2018, The Authors. Published by

Wiley—VCH.

widely explored in promoting bone regeneration in treating bone
defects. Kang et al.*! found both MgAI-LDH and ZnAl-LDH can
stimulate pre-osteoblast to express osteogenic gene markers in
a mitogen-activated protein kinase (MAPK)-dependent manner,
where the differentiated osteoblasts also express increased os-
teogenic genes and promote collagen deposition and mineraliza-
tion. Notably, MgAl-LDHs and ZnAl-LDHs also play an essential
role in osteoblast-induced osteoclastogenesis, proposing a thera-
peutic solution for modulating bone remodeling (Figure 7a). For
preclinical practice, LDHs as 2D materials are often combined
with 3D scaffold to enhance the biocompatibility and bioactivity
of pristine scaffold materials, given current orthopedic prosthe-
ses are commonly made up of bioinert stainless steel, titanium,

Adv. Sci. 2023, 10, 2301806

and ceramics. Weizbauer et al. compared the osteogenic po-
tential of MgAl-LDH, MgFe-LDH, and Mg(OH), as a coating
material on an orthopedic prosthesis. Significantly enhanced
cell proliferation was observed in MgAl-LDH culture medium
compared with MgFe-LDH or Mg(OH), culture medium. Be-
sides, histological results showed sparse direct bone-implant
contact in MgAl-LDHs group, with a thick layer of connective
tissue around the implant in MgFe-LDHs and Mg(OH), group,
demonstrating a superior osteoinduction and osteoconduction
performance of MgAl-LDH (Figure 7b).[1) Similarly, Cheng
et al.3* coated MgAl-LDH on pure Mg and found increased
osteogenic and angiogenic gene expression in vitro and en-
hanced bone regeneration and better osteointegration in vivo

2301806 (9 of 30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) The regulation of the osteoporosis microenvironment by CaAl-LDH. CaAl-LDH liberates Ca®* from osteoclast by neutralizing H*. Ca?*
mineralizes to produce calcium phosphate nanoparticles and encourage bone macrophages to polarize to M2 phenotype through activating c-Maf
transcriptional factor followed. Then anti-inflammatory M2 macrophages secrete a lot of cytokines to modulate the bone immune microenvironment
and encourage the production of new bone. Reproduced with permission.l’>8] Copyright 2022, American Chemical Society. b) MiR155-loaded LDH
promotes M1 polarization of macrophages and enhances cellular immunosuppressive effect in the tumor environment. Reproduced under the terms
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Figure 7. a) MgAI-LDH and ZnAl-LDH induce RANKL and OPG proteins expression by osteoblast that related with osteoclastogenesis. Reproduced with
permission.3° Copyright 2018, John Wiley and Sons. b) Mg-Fe-LDH sample is surrounded by a thick layer of connective tissue and non-calcified bone
is detected at the implant interface. MgAIl-LDHs sample is in sparsely direct contact with bone while distinct fibrous capsules and corrosion products
are visible around the Mg(OH), sample. Reproduced with permission.['¢] Copyright 2016, Elsevier. c) Histology-stained image of the bone-Mg, Mg-
Mg(OH), and Mg-LDH interfaces for 8 weeks. Mg and Mg-Mg(OH), implants are not attached to the formed bone while the newly formed bone is tightly
attached to the implant in Mg-LDH group. Reproduced with permission.34] Copyright 2021, Cheng et al. d) Schematic of in situ growth of MAE-LDH
on a porous hydroxyapatite scaffold, which enables efficient bone repair and vascular regeneration by activating the Wnt/p-catenin signaling pathway.
Reproduced with permission.['"®] Copyright 2022, Wi. e) Schematic presentation of PMMA and MgAI-LDH microsheet-modified PMMA bone cement,
and four key osteogenic pathways in rabbit skull defect models. Reproduced with permission.[3¢] Copyright 2021, American Chemical Society. MAE,

MgAIEu; HA, hydroxyapatite; PMMA, poly(methyl methacrylate).

in MgAI-LDH group compared with pure Mg (Figure 7c). More
importantly, MgAl-LDH-coated Mg could induce macrophage
to polarize to M2 phenotype (anti-inflammatory), providing a
suitable immune microenvironment for new bone formation.
Reportedly, MgFe-LDH as a modified film on titanium prosthesis
was reported to generate an alkaline microenvironment that is
beneficial to osteogenic differentiation and the microenviron-
ment PH around the MgFe-LDHs-coated titanium is controllable
though changing the Mg/Fe ratio of LDHs.1%] Wang et al.['18]
reported the surface modification of MgAlEu-LDH (MAE-LDH)
nanosheets on microporous hydroxyapatite (HA) scaffolds as
an effective strategy to significantly enhance the cell adhesion
properties of pristine HA scaffolds by improving surface rough-

Adv. Sci. 2023, 10, 2301806

ness and hydrophilicity of HA scaffolds (Figure 6d). In vitro and
in vivo experiments verified the sustained released Mg** from
MAE-LDH can promote bone regeneration and remolding. The
transcriptome sequencing analysis reveals the Wnt/f-catenin
signaling pathway was involved in the osteogenic process of
HA/MAE-LDH scaffolds. Eskandari et al.l'®® prepared a novel
p-tricalcium phosphate-based nanocomposite containing differ-
ent concentrations of MgAl-LDH (§-TCP-LDH) with favorable
biocompatibility, porosity, and mechanical property. The optimal
concentration of LDH is 10 wt% with 77% porosity for enhanced
cell adhesion and 231.4 MPa compressive modulus for supplying
sufficient support, proposing a promising alternative therapy for
large bone defect treatment.
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Natural polymer is a class of materials composed of molecules
derived from natural compounds linked by covalent bonds and
has been extensively explored in bone tissue engineering. LDHs
have also been combined with natural polymers to promote their
osteogenic and biomechanical performance. For example, a novel
CaAl-LDH-HA/gelatin scaffold with mechanical properties be-
tween spongy bone and cortical bone was fabricated using copre-
cipitation and solvent-casting methods. The scaffold possesses
outstanding osteogenic properties and favorable biocompatibil-
ity inducing negligible immunoreaction after implantation. Sig-
nificant new bone formation and accelerated bone defect reunion
were observed in the rabbit radius after scaffold implantation. Be-
sides, vitamin D3 (VD3) has been encapsulated within the gelatin
to further improved the biomineralization and cellular response
properties of the scaffold.['%] Moreover, the osteogenic properties
of CaAl-LDH-HA/gelatin scaffold can be further strengthened by
adipose tissue-derived stromal cells (ADSC) co-implantation, as
observed in histomorphometric findings.['*!l Cao et al.['”%! com-
bined ternary MgSrFe-LDH with chitosan to fabricate a compos-
ite scaffold with potent osteogenic properties. The osteogenesis
of the composite scaffold was considered to be attributed to the
synergistic effect of the sustained released Mg?*, Sr?*, and Fe’*.
Besides, the MgSrFe-LDH/chitosan scaffold presents a 3D inter-
connected porous structure with a pore size ranging from 100 to
300 um, which is also in favor of bone ingrowth and osteointe-
gration.

Synthetic polymers are also extensively modified with LDHs to
improve biocompatibility and osteogenic properties. Baradaran
et all'’!l reported that the poly(e-caprolactone)/MgAl-LDH
(PCL/LDH) nanocomposite scaffolds possess good competence
in protein adsorption and mechanical properties to remarkedly
facilitate attachment and proliferation of co-cultured cells. More-
over, in vitro cell culture studies showed the alkaline phos-
phatase (ALP) activity of PCL/LDH samples was conspicuously
increased, demonstrating the fabricated microsphere-aggregated
scaffold is capable of inducing osteogenic differentiation of
mesenchymal stem cells (MSCs). Zhou et al.l'’?l fabricated
a polymer network (PN) composed of layered poly(lactide-co-
caprolactone) copolymer and MgAl-LDH, the PN can contin-
uously release magnesium ions and promote the osteogenic
gene expression of co-cultured cells. Wang et al.l'”3] combined
MgAl-LDH with poly(N-isopropylacrylamide) (PNIPA) and nano-
HA to synthesize a thermosensitive composite (PNIPA-LDH-
nHA). The PNIPA-LDH-nHA scaffold was proved to possess fa-
vorable biocompatibility, incredible mechanical toughness, and
outstanding osteogenic properties. Poly(ethylene glycol) (PEG)
crosslinked by polydopamine-coated MgAl-LDH (PD-LDH) pre-
senting robust bioactivity and excellent adhesion properties was
also designed.!'*] Enhanced osteogenic differentiation of human
mesenchymal stem cells (1M SCs) was observed in the composite
medium. For total joint arthroplasty, poly(methyl methacrylate)
(PMMA)-based bone cement combining MgAl-LDH nanocom-
posites with enhanced osteogenic properties was fabricated. On
gradually substituting Mg with Al in LDH, the nanocompos-
ites showed increasing fatigue behavior and osteogenesis prop-
erty verified by in vitro and in vivo studies in rabbits.['7>17¢] The
PMMA/MgAI-LDH nanocomposites with excellent osteogenic
properties were also fabricated by Wang et al.,[*®] where the
nanocomposites can induce 18.34-fold new bone formation
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in rabbit skull defect models compared with pristine PMMA
(Figure 7e). Moreover, the maximum polymerization reaction
temperature of PMMA/MgAI-LDH decreased by 7.0 °C com-
pared with that of pristine PMMA, alleviating the negative ef-
fects of high temperature on surrounding cells. The biomechan-
ical properties of PMMA/MgAI-LDH also decreased slightly thus
reducing stress-shielding osteolysis, thus promoting osseointe-
gration.

4.3.2. LDHs Loaded with Osteogenic Drugs and Bioactive Factors

With excellent drug loading and sustained delivery abilities,
LDHs have been applied as osteogenic drugs and bioactive factors
loading and delivery carriers. Given the intrinsic osteogenic prop-
erties of LDHs, drugs or bioactive factors-loaded LDHs strate-
gies are expected to present more excellent osteogenic perfor-
mance. Wang et al.3?] found Yb-containing MgAl-LDH mono-
layer nanosheets (MgAlYb-LDH) have a loading content and en-
capsulation efficiency of 97% and 98% for alendronate (AL, a
bone resorption inhibitor and used to treat osteoporosis). The
MgAlYb-LDH/AL composites were proved to possess an out-
standing osteogenic differentiation and bone regeneration ability,
which induce 1.41-fold new bone formation in the osteonecro-
sis of the femoral head model of rabbit compare with a positive
control group (autologous bone graft, clinical gold standard) at
8 weeks postoperatively (Figure 8a). Another similar study in-
tercalated AL into MgAI-LDH and ZnAl-LDH forming a novel
nanohybrid (AL-LDH) to realize continuous and enhanced AL
release. 10.6-fold higher accumulated AL content in MG63 cells
was observed in the AL-LDH group compared with AL group
after 1-h incubation, therefore promoting the in vitro prolifera-
tion level and ALP activity of MG63.1'77] Another osteogenic drug
called risedronate (RS) was also loaded in LDHs to improve the
osteogenic properties of the LDHs/poly(lactide-co-glycolic acid)
(PLGA) scaffold.['7®] Sustained drug release and expedited bone
regeneration were achieved in the RS-LDHs-PLGA group com-
pared with the LDHs-PLGA group (Figure 8b).['78] Adenosine
(Ado) is an endogenous nucleoside that exerts various physio-
logical functions in different biological processes. Kang et al.['”’]
intercalated Ado into the interlayer space of MgFe-LDH to real-
ize the co-deliver of Ado and Mg?* ions, the Ado as a ligand and
Mg?* ion as a ligation activator can synergistically activate A2bR,
which significantly promotes osteogenic differentiation of stem
cells and new bone formation of defective tibial bone compared
with that of unmodified Ado (Figure 8c). Besides, a VD3-loaded
LDH/PCL electrospun scaffold was synthesized by Belgheisi et al.
(Figure 8d).[*®%] The released VD3 was found to support cell ad-
hesion and proliferation as well as facilitate apatite-like crystal
formation and new bone formation.

On the other hand, LDHs have also been used to load and de-
liver osteogenic bioactive factors to promote endogenous bone
regeneration. Lv et al.l'"”] incorporated bone morphogenetic pro-
tein 2 (BMP-2)-modified MgFe-LDH nanosheets into platelet-
derived growth factor-BB (PDGF-BB)-loaded chitosan/silk fi-
broin (CS) to fabricate a smart thermosensitive hydrogel (CSP-
LB). The sustained released BMP-2 and Mg?*/Fe** ions endow
the scaffold with potent osteogenic properties with 16.2-fold new
bone formation was observed in the CSP-LB group compared
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Figure 8. a) Diagrammatic illustration of the excellent osteogenic differentiation and bone regeneration ability of MgAlYb-LDH/AL composite, which
achieves an increase in bone density by enhancing osteogenic activity and inhibiting osteolytic activity. Reproduced with permission.[*2] Copyright
2020, Royal Society of Chemistry. b) Schematic drawing of manufacturing and functional testing of RS-LDH-PLGA. RS-LDH-PLGA is formulated on
top of an unmodified bioresorbable bone plate. Reproduced with permission.l'78] Copyright 2016, John Wiley and Sons. c) Schematic diagram of the
preparation of MgFe-Ado-LDH nanohybrid and their synergistic induction of osteogenic differentiation of stem cells in vitro and in vivo. Reproduced

with permission.['7°] Copyright 2017, Elsevier. d) Diagrammatic presentation of an LDH/PCL electrospun holder loaded with vitamin D3 and the release

process of vitamin D3 from nanohybrid-enriched PCL fibers. Reproduced with permission.['8] Copyright 2020, Elsevier. e) Schematics of the preparation

of MgFe-LDH-modified CS hydrogel with enhanced mechanical and biological properties. Reproduced with permission.['17] Copyright 2022, John Wiley
and Sons. AL, alendronate; RS, risedronate; PLGA, poly(lactide-co-glycolic acid); FE-SEM, field-emission scanning electron microscopy; Ado, adenosine

with CS group. Moreover, the MgFe-LDH-modified CS hydrogel
presents shorter gelation time, lower sol-gel transition tempera-

ture, but enhanced mechanical properties that are more favorable
for clinical practice (Figure 8e). Chen et al.'81182] designed and

fabricated a PFTa-loaded LDH-chitosan porous scaffold (LDH

Adv. Sci. 2023, 10, 2301806

CS-PFTa) that possesses great PFTa delivery ability and out-
standing osteogenic properties. The 3D interconnected macro-
pores of the scaffold can facilitate human bone marrow stem
cell (hBMSCs) adhesion and bone ingrowth. Better stem cell os-
teogenic differentiation in vitro and enhanced bone regeneration
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volume in vivo were also observed in LDH-CS-PFTa group com-
pared with the LDH-CS group, which was ascribed to the potent
osteogenic characteristics of PFTa.

4.4. LDHs for Angiogenesis

As the main source of nutrients such as oxygen, serum protein,
and growth factors used for supporting bone regeneration are
supplied by vascular system, the angiogenesis properties are
essential for materials applied in bone tissue engineering to
reconstruct microcirculation network thus promoting bone
remodeling.['8-18] As many metal ions possess great angiogen-
esis characteristics (Cu?*, Eu**, Mn?*, Ni**, etc.) while others
with osteogenesis properties (Mg?*, Ca**, Fe3*, etc.), LDH-based
tissue engineering scaffolds with multiple metal doping and re-
lease abilities hold the potential to couple both angiogenesis and
osteogenesis properties.[®2187-1%] For example, Wang et al.118]
functionalized MgAIEu-LDH nanosheets on microporous HA to
fabricate a scaffold with outstanding osteogenesis and angiogen-
esis properties. The Eu** sustained released from MgAlEu-LDH
effectively contributes to vascular regeneration as verified by in
vitro studies including scratch assay, transwell assay, and tube
formation assay. Angiogenic gene markers including Wntl and
VEGF were upregulated in MgAlEu-LDH/HA group in com-
parison with HA group. In vivo study investigating the CD31 (a
neovascular marker) expression found significantly higher CD31
fluorescence intensity in MgAIEu-LDH/HA group compared
with HA group. Moreover, higher CD31 fluorescence intensity
was observed in scaffolds with higher LDHs content. More neo-
vascularization was also observed in MgAlEu-LDH/HA group
compared with HA group revealed by the chicken chorioallantoic
membrane assay, suggesting the excellent in vivo angiogenesis
property of MAE-LDH (Figure 9a). Zhang et al.l'¥’] reported
that the Mn?* and Fe* ions released from MnFe-LDH propose
a positive influence on the angiogenesis of human umbilical
vein endothelial cells (HUVECs). The Ni** jons released from
NiTi-LDH were also proved to support the angiogenesis behav-
ior of HUVECs.['Y] In addition to coupling rare angiogenic
metal ions, the regular MgAl-LDH and MgFe-LDH were also
proven to possess favorable angiogenic properties. For example,
Cheng et al.3*] reported that the macrophages cultured with
MgAl-LDH-coated Mg extract can secrete angiogenic factors that
promote cell migration, angiogenic gene expression, and neo-
vascular formation of HUVECs (Figure 9b,¢). A slight evaluation
of local pH value and Mg?* concentration was considered to
contribute to the angiogenic microenvironment. Similar results
are obtained in another study where MgAl-LDH was modified
on Mg alloy AZ31 to enhance its angiogenesis properties.!!!]
Lv et al.l'"”] combined MgFe-LDH nanosheets with chitosan/silk
fibroin (CS) hydrogel and found the MgFe-LDH/CS hydrogel
showed significantly enhanced cell migration and tube forma-
tion properties than pristine CS hydrogel, indicating the great
angiogenic properties of MgFe-LDH nanosheets.

In addition, angiogenic bioactive molecules have been also
combined with LDHs to further enhance the angiogenesis prop-
erties of LDH-based nanomaterials. Liu et al.l'% manufactured
a bilayer peptide-loaded composite incorporating upper CK2.1-
coated f-glycerophosphate/chitosan (CK2.1@GC) for cartilage
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repair and lower LL37-modified MgAl-LDH/chitosan (LL37@LC)
for vascularized bone regeneration, of which LL37 is a catheli-
cidin peptide that can promote neovascularization by inducing
the proliferation and migration of epithelial cells (Figure 9d,e).
Collectively, in vitro results found enhanced HUVECs migra-
tion and more tube formation in LL37@LC group compared to
LC group, indicating the favorable angiogenesis properties of
LL37@LC.

4.5. LDHs for Chondrogenesis

The degenerative change of articular cartilage are typical patho-
physiologic characteristics of osteoarthritis (OA).[#19-19] Tis-
sue engineering of osteochondral tissue, bone—cartilage inter-
face defect, and intervertebral disc also requires the chondro-
genesis properties of involved biomaterials.'1%] LDHs with
inherent chondrogenesis properties and excellent chondrogenic
drugs or bioactive factors loading and delivery abilities hold the
potential to repair chondral defects and halt the progression of
OA. Reasonably, studies have paid close attention to the role
of LDHs in promoting chondrogenesis. Wang et al.?%! synthe-
sized and optimized the ion elemental compositions of Mg-
based LDHs to induce chondrogenic differentiation of human
umbilical cord mesenchymal stem cells (hUCMSCs). With the
co-culture time of hUCMSCs and Mg-based LDHs extended,
more glycosaminoglycan (GAG) deposition was observed by Al-
cian blue staining. QPCR and immunofluorescence analyses also
revealed the enhanced chondrogenic differentiation marker ex-
pression of Mg-based LDH-treated hUCMSCs. Then, interverte-
bral disc degeneration (IDD) model in rats was established and
transplanted with MgFe-LDH-treated hUCMSCs. Radiographi-
cal and immunohistochemical revealed a more complete recov-
ery of the disc space height and integrated tissue structure in
MgFe-LDH/hUCMSCs group compared with control group and
untreated hUCMSCs group, indicating the potent chondrogenic
properties of MgFe-LDH. Subsequently, transcriptome sequenc-
ing found ECM formation and cell adhesion signaling pathway
were upregulated in the MgFe-LDH-mediated chondrogenesis
processes (Figure 9f).

Besides, LDHs loaded with chondrogenic drugs and siRNA
for enhanced and effective cartilage repair have also been ex-
plored. Lee et al.*¥l developed well-defined micrometer-sized
trifluoroacetate (RGD)-coated MgAl-LDH, which were wrapped
in a gel formed by thermal energy driving. Kartogenin (KGN),
a small molecular compound that was reported to be effective in
inducing chondrogenic differentiation of MSCs was then loaded
in the RGD-coated MgAl-LDH. Apart from sustained release of
KGN, the MgAIl-LDH was proved to improve the rigidity of ECM
and enhance MSCs adhesion. Significantly, the immunoflu-
orescence study sheds light on the augmented chondrogenic
differentiation of cells in this nanocomposite system, simulta-
neously, the enhanced expression of type II collagen and SOX9
were also observed at both mRNA and protein levels. In addition,
Yang et al.?%!l fabricated a novel injectable and thermorespon-
sive siRNA delivery hydrogel composed of poly(N-isopropyl
acrylamide) (pNIPAAM) and either MgAI-LDH or MgFe-LDH
nanoplatelets with exceptional biocompatibility. Through flu-
orescently labeled transfection indicator, the pNIPAAM/LDH
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Figure 9. a) Gross photographs of neovascularization induced by HAp and scaffolds with different hydrothermal treatment times (8, 16, and 24 h)
of the chicken chorioallantoic membrane assay. Reproduced under the terms of the Creative Commons CC-BY license.l"'3] Copyright 2022, The Au-
thors. Published by Wiley—~VCH. b) Macrophages cultured with MgAl-LDH-coated Mg extract secrete angiogenic factors that promote cell migration
and angiogenesis-related gene expression. Reproduced with permission.[34 Copyright 2021, Elsevier. ¢) Mg-Al LDH film promotes bone differenti-
ation and angiogenesis. Reproduced with permission.[3*] Copyright 2021, Elsevier. d) Synthetic schematic representation of CK2.1@GC/LL37@LC
scaffold. The scaffold shows good two-phase connection, which overcome the problem of difficult combination of dual-phase materials. Reproduced
with permission.['2] Copyright 2021, Elsevier. e) CK2.1@GC/LL37@LC scaffold is favorable for osteochondral regeneration and neovascularization.
Reproduced with permission.l'92] Copyright 2021, Elsevier. f) Schematics of the function and mechanism of IDD model with or without LDH treat-
ment. Without LDH treatment, the intervertebral disc was characterized of reduced disc height, destroyed structure, and loss of physiological func-
tion. While, the optimized LDH-pretreated cell transplantation enhanced the chondrogenic differentiation and in situ intervertebral disc regeneration
through focal adhesion signaling pathways. Reproduced with permission.[2%] Copyright 2023, Elsevier. HAp, hydroxyapatite; CK2.1@GC, CK2.1 coated
p-glycerophosphate/chitosan; LL37@LC, LL37-modified MgAI-LDH /chitosan; IDD, intervertebral disc degeneration.

hydrogels showed superior ability in siRNA delivery as intra- 5, LDHs for Bone Infection Treatment

cellular fluorescence-labeled siRNA was significantly increased ) o ) ) o

in pNIPAAM/LDH group in comparison to hyaluronan and The overwhelming majority of bone infections originate from
fibrin gels and was absent in pNIPAAM hydrogel without LDH the orthopedic prosthesis.|***?] Periprosthetic infection with sub-
platelets, indicating outstanding intracellular siRNA delivery ~ stantial patient morbidity and accounts for more than 25% of re-
ability of MgALI-LDH and MgFe-LDH nanoplatelets, which  Visions is a catastrophic complication for orthopedic prosthesis-
provide a potential solution for cartilaginous degeneration by ~ implanted patients.l”] Periprosthetic infections are harder to treat

effectively downregulating the expression level of degenerative than common infections because biofilms formed in peripros-
factors in chondrocytes. thetic infections prevent conventional systemic antibiotics
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from reaching the infection sites and entering the bacteria
(Figure 10a).[203-206] At the same time, postoperative patients bear
a poor immune barrier thus less responsive to antibiotics and
are more prone to develop drug resistance.?’-2%°l Therefore, tra-
ditional antibiotics are difficult to treat periprosthetic infections
effectively.1] On the contrary, the bacteria adsorption capability
of LDHs driven by electrostatic interaction makes them promis-
ing nanomaterials for targeted and efficient periprosthetic in-
fection treatment. The advantages of LDHs for treating bone
infections lie in three aspects: 1) Serious metal ions that have
been proven to possess potent antibacterial ability (Zn?*, Mn?*,
Cu?*, Ni?*, Co?*, etc.) can be incorporated into LDHs nanosheets
thus endow LDHs with favorable antibacterial properties.[211-214]
2) ROS generated by specific LDHs (e.g., Zn-LDHs and Ti-
LDHs) with outstanding photocatalytic performance and abun-
dant hydroxyl groups on the surface also contribute to infection
elimination.”’] 3) The excellent antibiotics loading and delivery
ability further enhance the antibacterial ability of LDHs. 4) pH-
sensitive biodegradability of LDHs makes them biodegrade faster
and release more antibacterial metal ions and antibiotics in infec-
tion sites with lower-pH microenvironments.[?1>2161 5) An appro-
priate local alkaline environment caused by LDHs can repress the
reproduction of both Gram-positive and Gram-negative bacteria
taking advantage of inactivating ATP synthesis and inducing ox-
idative stress.[217218]

5.1. The Intrinsic Antibacterial Properties of LDHs

Different antibacterial metal ions-based LDHs have been used
for the prevention and treatment of bone infections, of which
Zn?*, Ga**, and Cu?* were the most explored metal ions. Awassa
et al.l*?] discovered that ZnAl-LDH nanoparticles can specifically
recognize and frequently cling to Staphylococcus aureus to effec-
tively impede bacterial development though destroying bacterial
membrane. Peng et al.['*] coated PEO/MgZnAl-LDH compos-
ites on Mg alloy implant by hydrothermal treatment to endow
the implant with enhanced osteogenic properties and strong an-
timicrobial ability against S. aureus by sustained releasing an-
tibacterial Zn** ions (Figure 10Db). Significantly reduced S. au-
reus colonies were observed in PEO/MgZnAIl-LDH group and
MgZnAl-LDH with higher Zn component showed stronger an-
tibacterial effects (Figure 10c). Li et al.?!?! introduced a more
uniform ZnO-dotted LDHs made hydrothermally to treat the
Zn,Al-LDH precursor, which increased the surface exposure, ex-
erted a potent ROS-associated damage toward Escherichia coli,
and extends the antibacterial duration of LDHs up to 4 days
(Figure 10d). Donnadio et al.[?2%] chose antimicrobial Zn?* and
Ga** as the intralayer composition of LDH to synthesize ZnAl-
LDH and ZnAlGa-LDH systems that can induce spontaneous
HA deposition (Figure 10e). The obtained composites exhibited
potent antibacterial activity against S. aureus and Pseudomonas
aeruginosa in a concentration especially when Ga** was present
in LDH composition (Figure 10f). Li et al.?!®! designed an ef-
fective protocol to prepare SrGa-LDH film on the native tita-
nium substrate using the hydrothermal method, which was fur-
ther calcined to improve its alkalinity and stability and signed
as LDH250. Colony culture results showed the colony-forming
units of E. coli and S. aureus formed on LDH250 substrates were
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apparently lower than that of naive Ti and LDH substrates. Struc-
tural damages of the bacteria were also observed in the LDH250
group under the scanning electron microscope (SEM). From a
molecular perspective, higher ROS levels and lower ATP levels
were found in LDH250 and LDH groups compared with pristine
titanium substrate. The antibacterial mechanism of LDHs was
explained as more OH™ ions in an alkaline microenvironment
caused by LDHs can enter the electron transfer chain of bacteria
and combine with f-type H* ATPase, thereby reducing ATP pro-
duction. Additionally, the sustained release of Ga** not only in-
creases ROS level but also interferes with Fe** metabolism, thus
damaging the homeostasis of bacteria. Tan et al.2'’] also found
the local alkaline microenvironments around material surfaces
created by MgAl-LDH can significantly inhibit the growth of both
Gram-positive and Gram-negative bacteria by inducing oxidative
stress and inactivating ATP synthesis (Figure 10g). Segura-Pérez
et al.[22l] reported a novel bone implant composed of HA and
LDHs with different metal compositions, where significant bac-
teriostatic effects against clinical multi-resistant bacteria under
a very low minimum inhibitory concentration (0.5 mg mL™)
were observed in Cu-based LDHs. Zhang et al.l'*’! compared the
antibacterial efficiency of Mg alloy coated with Mn-based LDH,
Fe-based LDH, and Co-based LDH. It turned out that Fe-based
LDH possessed the best antibacterial properties and Mn-based
LDH revealed excellent photothermal and enzymatic activities.
Therefore, an optimized bilayer MnFe-LDH was fabricated and
obtained both intrinsic and photothermal antibacterial properties
for effective bone infection treatment.

5.2. LDHs Loaded with Antibiotics

With excellent drug loading and release abilities, antibiotics
delivery systems based on LDHs have been developed to combat
bone infection. Chakraborti et al.l??] intercalated various antibi-
otics including tetracycline, doxorubicin (DOX), 5-fluorouracil,
vancomycin (VAN), sodium fusidate (SF), and antisense oligonu-
cleotides into MgAI-LDH to realize controllable drug release.
A reduced burst phase of drug release and a prolonged release
time was observed in antibiotics-LDH-PLGA films, providing an
alternative strategy for infection that need sustained antibiotics
exposure. A biodegradable PLGA film loading tetracycline and
AL were also intercalated in LDH nanoparticles and also achieved
slow and control drug release.??)] Hesse et al.[?2*] coated a mix-
ture of LDH compound and ciprofloxacin on Bioverit II prosthe-
ses, which was implanted into the middle ear bones of male New
Zealand White rabbits infected with P. aeruginosa. Blood rou-
tine examination and histological analyses found no infection
manifestations, indicating the outstanding abilities of LDH-
based nanomaterials as a drug delivery system for ciprofloxacin
resisting. Moreover, dual-antibiotics-loaded LDHs were also
designed and fabricated. For example, Camara-Torres et al.**
developed an LDH-based 3D scaffold intercalated with dual
antibiotics to prevent bone infection and promote bone regen-
eration (Figure 11a). Specifically, the biodegradable copolymer
poly(ethyleneoxideterephthalate) /poly(butyleneterephthalate)

(PEOT/PBT) was fabricated with melt extrusion and was com-
bined with the ciprofloxacin-loaded MgAl-LDH (MgAI-CFX)
and gentamicin-loaded a-zirconium phosphates (MgAl-CFX)
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Figure 10. a) Schematic representation of biofilm formation, in which the matrix produced by bacteria forms the physical basis of the biofilm, providing
structure and stability to the biofilm. Reproduced with permission.[2%] Copyright 2016, Springer Nature. b) PEO/Mg-Zn-Al LDH composite coating en-
hances antibacterial and osteogenic activity by releasing Zn?* and Mg?*. Reproduced with permission.l'#] Copyright 2018, American Chemical Society.
c) Photographs of Staphylococcus aureus colonies on agar culture plates and the higher Zn component results in the stronger antibacterial effect. Re-
produced with permission.l’*] Copyright 2018, American Chemical Society. d) Schematic illustration describing the antibacterial effects of Zn>* toward
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(Figure 11b). The filler concentration-dependent antibiotic re-
lease can be obtained under different eluent conditions, where
the MgAI-CFX composite presents a more sustained drug release
property (Figure 11c). Besides, the incorporated antibiotics in
LDH have been proved to propose neither adverse effects on the
hBMSCs viability nor their osteogenic differentiation verified by
matrix mineralization and osteogenic gene expression detection.

6. LDHs for Bone Tumor Treatment

Malignant bone tumors with high malignancy seriously threaten
the lives of patients and lack effective treatment.[??>22¢] Clini-
cal strategies for bone tumors include tumor segmentectomy
and postoperative chemotherapy.[??:228] Surgical tumor segmen-
tectomy is usually unable to completely eliminate bone tu-
mor cells, resulting in postoperative tumor recurrence and
metastasis.?2l Chemotherapies also tend to cause systematic
adverse effects such as liver dysfunction, cardiotoxicity, and
myelosuppression.!30231 With the development of nanotechnol-
ogy, innovative biomaterials for bone tumor treatment have been
widely exploited, of which LDHs with fantastic physicochemical
properties hold several advantages in treating bone tumor. First,
LDHs as an efficient adjuvant can offer long-term and power-
ful acid neutralization in the tumor microenvironment, block the
lysosomal-mediated autophagy pathway of tumor cells, and raise
amounts of antitumor-related macrophages and T cells, realizing
a safe and effective bone tumor immunotherapy (Figure 12).0232]
Second, the intrinsic photothermal and photodynamic charac-
teristics of LDHs propose promising near-infrared light-based
therapies, which can be further enhanced by intercalating dif-
ferent photosensitizer to interlayer space of LDHs.[233-2%] Third,
positively charged LDHs with excellent drug loading capabil-
ity prefer to interact with negatively charged cell membranes
for effective drug delivery. Notably, LDHs with favorable pho-
tothermal characteristics have been applied to treat bone tumors.
For example, Zhang et al.’*% designed a black Mn-containing
LDH nanosheets-modified Mg-based implant, which was ac-
companied by a favorable photothermal effect and nanocatalysis
Fenton-like performance (Figure 13a). In vitro and in vivo stud-
ies demonstrated the black LDH-modified magnesium alloy pos-
sesses effective tumor-killing ability. Similar results can be seen
in another study conducted by Zhang et al.,['*’! where the cor-
rosion resistance, osteogenic properties, antibacterial, and anti-
osteosarcoma capabilities of Mn-, Fe-, and Co-incorporated LDHs
were investigated, respectively. It turned out the MnFe-LDH
possess best osteogenic properties and exert a potent bacterial
killing and osteosarcoma destruction effects under near-infrared
irradiation (Figure 13b). In addition, LDH-based photodynamic
therapy (PDT) has also been explored for tumor elimination.
For example, Gao et al.® reported LDH-based near-infrared
laser-activated supramolecular photosensitizers for highly effi-
cient two-photon PDT. The monolayer and interface-restricted

www.advancedscience.com

microenvironment of LDH promote the increase of 102 quan-
tum yield, which synergistically enhance the ability to tumor ab-
lation of the nanohybrids both in vitro and in vivo. Shen et al.[?%7]
developed 2D CoMo-LDH to highly active photosensitizer for
near-infrared PDT through defect engineering. The modified
CoMo-LDH nanosheets show greater reactive oxygen species pro-
duction activity than the original CoMo-LDH nanosheets under
NIR-III 1567 nm laser irradiation, successfully triggering cancer
cell death in vitro and eliminating tumors in vivo. In addition, by
hydrogen-treating Ni-Ti LDH films on NiTi surfaces, Yao et al.['%!
successfully fabricated Ni nanoparticle-doped NiTiO; films. Ac-
cording to the CCK-8 studies, cells on LDH-H, samples only
exhibited 20% viability under infrared radiation. In vivo studies
showed the tumor stopped growing in the LDH-H, group after
receiving infrared radiation, demonstrating the effectiveness of
the photothermal impact of LDH-H, implants (Figure 13c).

Moreover, positively charged interfaces of LDHs preferen-
tially interacted with negatively charged antitumor drugs and cell
membranes for effective drug loading and delivery. Ray et al.[28]
fabricated methotrexate (MTX)-encapsulated PLGA-coated LDH
nanoparticles (PLGA-LDH-MTX), which possess enhanced anti-
osteosarcoma efficiency. Higher MTX accumulation in target
tumor tissues and suppressed tumor growth in tumor-bearing
mice were observed in PLGA-LDH-MTX group compared with
bare MTX and PLGA-MTX group. In addition, Oh et al.[?*] suc-
cessfully used the conventional coprecipitation method to embed
MTX into LDHs. In vitro anti-cancer study revealed that MTX-
LDH hybrid, when used at a lower concentration, could exert the
same impact as pure MTX. The potent anti-cancer effect of MTX-
LDH composite lies in the effective and sustained delivery ability
of LDHs for MTX, which may address the issue of adverse effects
caused by excessive MTX dosage in real-world applications. In
another study, Chakraborty et al.[?*?) demonstrate a fast one-pot
synthetic strategy involving simultaneous coprecipitation and in
situ intercalation of MTX drug into the interlayer space of nano-
sized CaAl-LDH to fabricate CaAl-LDH-MTX nanohybrid, which
owns more potent cell inhibitory effects toward MG-63 cells (92%
cell inhibition) in comparison with that of free drug (80% cell in-
hibition). Overall, the much higher efficacy of LDH-MTX com-
pound compared with pristine drug is distinctly noticeable for a
period of 72 h. In addition to delivering anti-cancer drugs, target-
ing siRNA is also a strategy for treating tumors. Li et al.[>*!] uti-
lized mannose to couple siRNA into SiO2-coated LDH nanocom-
posites, which effectively transmitted siRNA into tumor cells via
receptor-mediated internalization and significantly inhibited tu-
mor cell growth.

7. LDHs for Analgesia

Pain is defined as unpleasant feelings that associated with
tissue damage or potential tissue damage accompanied by
negative emotional experiences.[?*??*3] As bone diseases are

Escherichia coli. Reproduced with permission.2'?l Copyright 2019, Elsevier. e) Zn-Rich LDHs hydroxyapatite possesses bone-bonding ability, antibac-
terial activity, and low cytotoxicity for human osteoblasts. Reproduced with permission.!?2°] Copyright 2021, American Chemical Society. f) Schematic
diagram of the HA growth on LDH. In the presence of LDH, HA crystallizes mainly in the form of flake crystals. Reproduced with permission.[?2°l Copy-
right 2021, American Chemical Society. g) Diagrammatic presentation indicating that the creation of a local alkaline microenvironment by LDH on the
titanium surface inhibit bacterial growth by inducing oxidative stress and inactivating ATP synthesis. Reproduced with permission.[27] Copyright 2018,
American Chemical Society. PEO, plasma electrolytic oxidation; HA, hydroxyapatite.
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Figure 11. a) 3D scaffold implantation intercalated with antibiotics could prevent bone infection and promote bone regeneration during tissue recon-
struction. Reproduced with permission.[*3] Copyright 2021, Elsevier. b) Schematic diagram of the antibacterial composite scaffolds containing either
MgAl intercalated with CFX (MgAI-CFX), or ZrP intercalated with GTM (ZrP-GTM). The release of antibiotics confer antimicrobial activity to the scaffolds.
Reproduced with permission.33] Copyright 2021, Elsevier. c) Antibiotic release profiles from MgAI-CFX copolymer composites under different eluent con-
ditions and influence of the ionic concentration of the eluent solution on the cumulative release percentage of CFX. Reproduced with permission.[*3]
Copyright 2021, Elsevier. CFX, ciprofloxacin; GTM, gentamicin; dPBS, Dulbecco’s phosphate-buffered saline.
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often associated with inflammation, trauma, and additional
surgical tissue damage, pain is especially common among or-
thopedic disorders.[?*243] Nonsteroidal anti-inflammatory drugs
(NSAIDs) and glucocorticoids are the first-line drugs for the
treatment of bone disease-associated pain in clinic.[***] However,
systemic use of NSAIDs or glucocorticoids can lead to adverse
side effects including gastrointestinal reactions, cardiovascular
risk, and endocrine disturbances.?*-2*) LDHs with effective
loading and delivery abilities for both hydrophilic and hydropho-
bic drugs are expected to achieve firm binding as well as local,
targeted, and sustained release of NSAIDs or glucocorticoids, so
as to reduce systemic side effects and medication frequency.

7.1. LDHs Loaded with NSAIDs

Apart from reducing adverse effects of systematic medication, the
double-layer structure of LDHs can protect the loaded NSAIDs

Adv. Sci. 2023, 10, 2301806

from degradation or first-pass elimination before being trans-
ported to orientated sites thus enhancing their pharmacological
effects.) NSAIDs encapsulated between the layers of LDHs
can also effectively reduce the damage of drugs to gastric mu-
cosa because of the anti-acid property of LDHs.[?!] During the
last decade, LDHs incorporated with different NSAIDs through
various technologies such as ion exchange and coprecipitation
have been widely researched. For instance, Soltani et al.l*?] syn-
thesized a new organic/inorganic nanohybrid compound by sim-
ple anion exchange method for the intercalation of indomethacin
into the interlayer of the Zn-based LDHs (Figure 14a). A series of
characterization experiments confirmed that the nanocomposite
possesses higher thermal stability and tends to reduce cell via-
bility in a dose- and time-dependent manner, making it an effi-
cient drug deliverer for releasing hydrophobic drugs. Addition-
ally, Manna et al.?®3] fabricated LDHs structure of Fe-induced
HA with different concentrations of Fe by in situ coprecipitation
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(Figure 14D). In this context, the newly developed LDHs were
exceedingly biocompatible and capable to store and controlled
release drugs in aqueous medium of phosphate buffer. Yousefi
et al.l?** fabricated a Fe304@LDH multicore @shell nanostruc-
ture as a novel pharmaceutical nanocarrier by a facile one-step
solvothermal route and coprecipitation experiment. In this case,
ibuprofen (IBU) and diclofenac were successfully intercalated
into the interlay space of LDHs by bridging bidentate interac-
tion and both performed appropriate lipophilicity, water solubil-
ity, and steric effect under physiological conditions (Figure 14c).
Also, Berber et al.?®] intercalated naproxen (NP) and flurbipro-
fen (FB) into MgAl-LDH via reconstruction and coprecipitation
techniques to prepared NP-LDH and FB-LDH nanocomposites
and found that the hydrophilic surface area of drug-LDH compos-
ites increased the water penetration into the drug components. In
the research of Bernardo et al.,[**) MgAl-LDH was successfully
combined up to 80% w/w of NP by the structural reconstruc-
tion route. Pharmacokinetic studies showed a mild NP release,
indicating the potentiality of MgAl-LDH for local and sustained
convey of naproxen at adequate concentrations. In addition, bi-
ological evaluation showed that the morphology and adhesion
of cells at the administration site have not changed, demonstrat-
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ing the biocompatibility and low cytotoxicity of MgAl-LDH/NAP
samples. These results describe a feasible measure for prepar-
ing effective systems for the local release of NSAIDs for biomed-
ical applications. Moreover, Dagnon et al.?5¢! conducted drug re-
lease studies with high performance liquid chromatography to
ascertain the release profile of IBU from the nanocomposite films
containing poly(r-lactic acid) (PLLA) and IBU-loaded ZnAl-LDH.
The staged elution release of the NSAIDs were observed, throw-
ing light on the potential of LDH in promoting drug release abil-
ities of biopolymers. Ribeiro et al.[>*”] also prepared IBU as the
LDH-IBU intercalation compound to test the drug delivery effi-
ciency. In this research, novel biohybrid magnetic matrices based
on alginate and magnetic graphite nanoparticles was executed
(Figure 14d). It was observed that owing to the additional physical
barrier provided by inorganic layered host solids, the control of
the IBU release rate has been particularly ameliorated. In addi-
tion, Willems et al.[?®) assessed a novel thermoreversible poly-
N-isopropylacrylamide MgFe-LDH (pNIPAAM-MgFe-LDH) hy-
drogel for intradiscal controlled delivery of the anti-inflammatory
drug celecoxib (CXB). In vitro results revealed that the release of
CXB depends on the solubility of the hydrogel rather than the
loading dose of CXB and CXB could suppress PGE2 production
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Figure 14. a) Molecular structure of indomethacin and spatial distribution structure of indomethacin after intercalation. Reproduced with
permission.[2°2] Copyright 2018, Taylor & Francis Group. b) Formation of LDHs structure of Fe-induced hydroxyapatite, intercalation of AF drugs in
LDH structures, and possible mechanisms of complex release of drugs. Reproduced with permission.[?>3] Copyright 2016, Royal Society of Chemistry.
c) Schematic diagram of preparation of Fe304@LDH multicore-shell nanostructure. Reproduced with permission.[2>4] Copyright 2020, Springer Na-
ture. d) Diagrammatic presentation of LDH-IBU magnetic bio-nanocomposite structure. Reproduced with permission.[237] Copyright 2014, Elsevier. e)
Diagrammatic illustration for the drug release processes of PNS from PNS—LDH nanocomposite in a buffer solution. Reproduced with permission.[263]
Copyright 2009, Elsevier. AF, aceclofenac; IBU; ibuprofen; PNS, prednisone.

over a long period of time. Besides, the safety and effectiveness
of CXB in the application of intervertebral discs has also been
proved in vivo.

7.2. LDHs Loaded with Glucocorticoid

Glucocorticoids as classic anti-inflammatory immunosuppres-
sant and osteoinductive drugs possess outstanding analgesic
effects.[?>°] Since systemic glucocorticoid administration is asso-
ciated with significant undesirable systemic side effects, local ad-
ministration of glucocorticoid is typically preferred.2¢26!1 Un-
favorably, the active form of glucocorticoids bears poor disper-
sion in physiological solutions thus is difficult for efficient dose
delivery, for which LDHs with excellent hydrophobic drug load-
ing and delivery abilities are expected to break the dilemma.22]
Li et al.?%3] utilized poly(tert-butyl acrylate-co-ethyl acrylate-co-
methacrylic acid), an amphiphilic block copolymer, as building
blocks for the preparation of negatively charged micelle contain-
ing hydrophobic drug prednisone, which was further intercalated
into galleries of MgAIl-LDH for the study of pharmaceutical car-
rier and drug release behavior (Figure 14e). The results proved
that in comparison with anomalous transport at pH 6.4 and the
combination of diffusion through the matrix and degradation
of the micelle at pH 4.8, this drug-containing micelle interca-
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lated LDH-based composite exhibits complete and site-specific
drug delivery properties at pH 7.2 with a sustained release time
up to 78 h. Kamyar et al.[?**] manufactured a novel nanohybrid
material via intercalating dexamethasone phosphate into ZnAl-
LDH nanoparticles using the ion-exchange methods. The suc-
cessful intercalation of dexamethasone anions into ZnAl-LDH
was verified by XRD, FTIR, and STA. Besides, FTIR confirmed
the successful entanglement of dexamethasone anions-loaded
ZnAl-LDH with anodized titanium, where slower release rate
was observed in ZnAl-LDH/titanium compared to pristine tita-
nium, indicating the excellent drug sustained release capability
of LDHs.

8. Perspective and Conclusion

Although LDHs have been widely explored in treating bone dis-
eases, considering their versatility, more potential applications
of LDHs for improving the prognosis of bone diseases should be
further studied. First of all, the application of LDHs in bone tis-
sue engineering is underexploited. The current studies applying
LDHs in bone tissue engineering mostly focus on the osteogenic
properties of LDHs while ignoring the angiogenic and chon-
drogenic performances of LDHs. Similarly, angiogenic drugs
and chondrogenic drug-loaded LDHs for better tissue regener-
ation have not been reported in contrast to numerous studies
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focusing on osteogenic drug-loaded LDHs. Considering the
pioneering vascularization and chondrogenesis play an essential
role in regulating subsequent bone regeneration,[!8265-267] the
angiogenic and chondrogenic properties of LDHs should be
further explored. In addition, nerve innervation has recently
been reported to play critical roles in bone metabolism and re-
generation processes.[2%826] Given many metal ions possessing
considerable effects in promoting nerve formation and distri-
bution, LDHs complexed with neurogenic metal ions should
be designed and fabricated to promote neurogenesis for better
bone regeneration.[163:270.271]

Second, with excellent biocompatibility and superior lubricat-
ing properties, LDHs reasonably hold great potential in treat-
ing osteoarthritis that characterized by increased friction coef-
ficient between articular surface and chondrodegeneration, and
are expected to replace the sodium hyaluronate products that
widely used in clinic.['%272] First, LDHs can form films attach-
ing on articular cartilage surface thus reducing the friction co-
efficient in joint.”?] Second, wearing cartilage with uneven sur-
face can further accelerate cartilage abrasion, where the 2D LDHs
nanosheets can automatically fill in the uneven sites in carti-
lage and smooth the cartilage surface to break the wretched
cycle.[?72274] Third, the 2D LDHs tend to form a double-layer
“bearing-like” construct in joint, which can convert sliding fric-
tion between cartilage surfaces into rolling friction thus greatly
decrease cartilage wear.!”>?’%] In addition, the intrinsic chondro-
genic properties and excellent drug delivery properties (analgesic,
etc.) further highlight the prospects of LDHs in the comprehen-
sive treatment of osteoarthritis. However, no research on LDHs
as lubricating medium or drug delivery system for osteoarthritis
treatment was reported, so further corresponding researches are
urgently needed.

Third, LDHs and their nanocomposites as antitumor nanoma-
terials have been extensively exploited and achieved encouraging
results based on the strategies of chemotherapy, immunother-
apy, photothermal therapy (PTT), PDT, chemodynamic therapy
(CDT), and sonodynamic therapy (SDT).[*>237277-27] However,
for treating bone tumors, only LDHs-based chemotherapy and
PTT have been explored in the last decade.['*1] For bone tu-
mors hidden in deep tissue that are difficult for light to reach, so
LDHs-based PTT and PDT must overcome limited depth pene-
tration of light sources and enhance the reactivity of nanomateri-
als to weak light for bone tumor treatment. By contrast, SDT and
CDT that does not need light activation are comparatively promis-
ing for treating bone tumors and worthy of further study. For ex-
ample, Hu et al.[®% realized the phase transition of CoW-LDH
and NiW-LDH nanosheets from polycrystalline to amorphous by
simple acid etching treatment, as a high-efficiency sonosensitizer
for SDT. Due to the defect generation induced by phase transfor-
mation and electronic structure changes, amorphous CoW-LDH
nanosheets appear to have higher ROS-generating ability under
ultrasound irradiation and achieve effective tumor-killing effects.

Fourth, the bioimaging and theranostics characteristics of
LDHs have not been fully utilized in the treatment of bone dis-
eases. Dynamic, real-time, and non-invasive monitor of the pro-
cess of bone repair plays an important role in timely identify-
ing poor bone alignment or healing thus improving the prog-
nosis of bone fractures and defects.!?®128] However, the most
used imaging technology for skeletal system were X-ray and com-
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puted tomography (CT), which can commonly imaging metal
materials but not natural or synthetic polymers. Considering
biodegradable polymers that do not require secondary removal
surgery represent future advanced orthopedic implants, LDHs
nanosheets containing metal ion and intercalated with vari-
ous imaging contrast agents can enable the biodegradable poly-
mers with outstanding radiopacity.[?#*-286] Combined with the os-
teogenic and drug delivery properties of LDHs, multifunctional
LDHs-based orthopedic implants for theranostics are expected
to be designed and fabricated. A pioneering study was conducted
by Kim et al.,!*’8] where the biodegradable poly(lactic-co-glycolic
acid) (PLGA) bone plate was coated with RS-loaded ZnAl-LDHs
and achieved favorable radiopacity under X-ray and enhanced
osteogenesis properties. Nevertheless, further studies exploring
the bioimaging and theranostics characteristics of LDHs-based
nanocomposites for bone disease treatment are needed.

Fifth, with the development of transcriptome sequencing and
single-cell sequencing, increasing bone diseases have been iden-
tified to be associated with gene variation or abnormal tran-
scription and translation, for which gene therapy seeking to
modify or regulate gene expression or to manipulate gene ecol-
ogy of cells for therapeutic application has attracted widespread
attention.[?#”-21] LDHs with great biocompatibility, adjustable in-
terlayer structure, and protective confinement effect have been
proved to be effective in gene loading and delivery. Tyner et al.[2?]
introduced a full gene and promoter encoding green fluores-
cent protein (GFP) into the layers of LDH through simple, one-
step, ion exchange, which could minimize the amount of foreign
DNA needed thanks to the protection of inorganic layers. As a
result, the nanobiohybrids took effect in a variety of tissues as
all cells internalizing and tolerating the nanohybrids. More im-
portantly, all cells were able to express the gene and the trans-
fection efficiency of some cell lines was up to 90%, showing a
suitable approach for non-viral gene vectors. In another work,
LDH-nucleic acid complexes were successfully formulated via
encapsulating nucleic acids (pDNA, siRNA, and miRNA mimics
and hairpin inhibitors) into MgAl-LDH at varying mass ratios of
LDH: nucleic acid. And in vitro transfection efficiency screening
was carried out to assess cytocompatibility, cellular uptake, and
functionality of LDH-nucleic acid delivery to MSCs. According to
the evaluation results, although the transfection of pDNA is not
satisfactory, small, linear nucleic acids (siRNA, miRNA mimics,
and hairpin inhibitors) were successfully delivered to MSCs with
complexes exhibiting a favorable cytocompatibility profile and
ideal function. Additionally, Costard et al.?*}] incorporated LDH-
miRNA nanoparticles into collagen-nanohydroxyapatite scaffolds
and confirmed the overexpression of miRNA in MSCs, suggest-
ing the promising potential of LDH nanoparticles as delivery
platform for gene therapy applications in regenerative medicine.
Given the effective gene delivery abilities, LDHs-based gene ther-
apies are worthy to be explored to pursue efficient and precise
treatment of gene disorder-related bone diseases.

Finally, the potential of multifunctional LDHs in treating
bone diseases remains to be explored. Orthopedic surgeries
commonly face complex perioperative and intraoperative issues
including bleeding control, analgesia, anticoagulation, and anti-
infection.[?*2%] The integrated management of these issues
puts forward higher requirements for future advanced materials
for orthopedic implants. The functional integration of thrombus
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and infection prevention, bleeding control, and postoperative
pain management is expected to be designed based on versa-
tile LDHs-based nanocomposites for one-stop treatment and
integrated management of orthopedic surgery.

In conclusion, LDHs with adjustable metal ions composition
and alterable interlayer structure possessing charming physico-
chemical characteristics, versatile bioactive properties, and excel-
lent drug loading and delivery capabilities hold broad application
prospects in the treatment of bone diseases. Despite great ad-
vances have been achieved, the potential of LDHs-based nano-
materials for treating bone diseases is far from being fully ex-
plored and further studies are needed. Meanwhile, further stud-
ies are expected to pay more attention on the comprehensive
biosafety evaluation of LDHs-based nanomaterials of both im-
plants and injectable complex forms. With the goal of facilitat-
ing clinical translation, the biodistribution, metabolic pathways,
and degradation mechanisms of LDHs-based nanomaterials, es-
pecially when the transition elements and rare earth metal ions
are involved, should be fully studied and understood.

Acknowledgements

Y.B. and X.C. contributed equally to this work. This work was supported
by the National High Level Hospital Clinical Research Funding (Grant ID:
2022-PUMCH-C-036) and National Natural Science Foundation of China
(Grant IDs: 81630064 and 81871786).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

2D nanomaterial, bone disease, bone tissue engineering, layered double
hydroxides

Received: March 20, 2023
Revised: May 7, 2023
Published online: June 17, 2023

[1] G. Karsenty, Nature 2003, 423, 316.

[2] M. Zaidi, Nat. Med. 2007, 13, 791.

[3] M. P.Jarman, M. ). Weaver, A. H. Haider, A. Salim, M. B. Harris, J.
Surg. Res. 2020, 249, 197.

[4] ). Martel-Pelletier, A. J. Barr, F. M. Cicuttini, P. G. Conaghan, C.
Cooper, M. B. Goldring, S. R. Goldring, G. Jones, A. |. Teichtahl, J. P.
Pelletier, Nat. Rev. Dis. Primers 2016, 2, 16072.

[5] B.H.Kapadia, R. A. Berg, J. A. Daley, ). Fritz, A. Bhave, M. A. Mont,
Lancet 2016, 387, 386.

[6] S.Wei, . X. Ma, L. Xu, X. S. Gu, X. L. Ma, Mil. Med. Res. 2020, 7, 54.

[7] M. Farokhi, F. Mottaghitalab, S. Samani, M. A. Shokrgozar, S. C.
Kundu, R. L. Reis, Y. Fatahi, D. L. Kaplan, Biotechnol. Adv. 2018, 36,
68.

[8] C.P.Brown, Nat. Rev. Rheumatol. 2013, 9, 614.

[9] B.D.Smith, D. A. Grande, Nat. Rev. Rheumatol. 2015, 11, 213.

[10] R.S.Tuan, Nat. Rev. Rheumatol. 2013, 9, 74.
[11] G. L. Koons, M. Diba, A. G. Mikos, Nat. Rev. Mater. 2020, 5, 584.

Ady. Sci. 2023, 10, 2301806

(12]
(13]
(14]
[13]
(6]
(17]
(18]
(19]
(20]
(21]
(22]
(23]
(24]
(25]

26]
(27]

(28]
(29]
(3]
(31]
(32]

(33]

(34]
3]
36]
(37]
(38]

(39]

40]
(41]
(42]
(43]

(44]

www.advancedscience.com

H. Ma, C. Feng, J. Chang, C. Wu, Acta Biomater. 2018, 79, 37.

A. Bharadwaz, A. C. Jayasuriya, Mater. Sci. Eng., C 2020, 110, 110698.
X. Wang, S. Xu, S. Zhou, W. Xu, M. Leary, P. Choong, M. Qian, M.
Brandt, Y. M. Xie, Biomaterials 2016, 83, 127.

J. Fu, W. Zhu, X. Liu, C. Liang, Y. Zheng, Z. Li, Y. Liang, D. Zheng, S.
Zhu, Z. Cui, S. Wu, Nat. Commun. 2021, 12, 6907.

X. Zhou, N. Yan, E. ). Cornel, H. Cai, S. Xue, H. Xi, Z. Fan, S. He, .
Du, Biomaterials 2021, 269, 120345.

L. Sanzén, L. Linder, Biomaterials 1995, 16, 1273.

J. Vanderburgh, ). L. Hill, M. K. Gupta, K. A. Kwakwa, S. K. Wang, K.
Moyer, S. K. Bedingfield, A. R. Merkel, R. d’Arcy, S. A. Guelcher, |. A.
Rhoades, C. L. Duvall, ACS Nano 2020, 74, 311.

E. A. Makris, A. H. Gomoll, K. N. Malizos, J. C. Hu, K. A. Athanasiou,
Nat. Rev. Rheumatol. 2015, 11, 21.

A. Singh, M. Corvelli, S. A. Unterman, K. A. Wepasnick, P.
McDonnell, J. H. Elisseeff, Nat. Mater. 2014, 13, 988.

C. Lesage, M. Lafont, P. Guihard, P. Weiss, J. Guicheux, V. Delplace,
Adv. Sci. 2022, 9, 2200050.

J. L. Wang, J. K. Xu, C. Hopkins, D. H. Chow, L. Qin, Adv. Sci. 2020,
7, 1902443,

L. Yan, S. Gonca, G. Zhu, W. Zhang, X. Chen, J. Mater. Chem. B 2019,
7,5583.

C. Sanchez, P. Belleville, M. Popall, L. Nicole, Chem. Soc. Rev. 2011,
40, 696.

T.Hu, Z. Gu, G. R. Williams, M. Strimaite, ). Zha, Z. Zhou, X. Zhang,
C. Tan, R. Liang, Chem. Soc. Rev. 2022, 51, 6126.

D. G. Evans, X. Duan, Chem. Commun. 2006, 485.

J.-K. Lin, J.-Y. Uan, C.-P. Wu, H.-H. Huang, J. Mater. Chem. 2011, 21,
5011.

D. C. Manatunga, V. U. Godakanda, R. M. de Silva, K. M. N. de
Silva, Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol. 2020, 12,
e1605.

J. Zhang, H. Chen, M. Zhao, G. Liu, ). Wu, Nano Res. 2020, 13, 2019.
V. Rives, M. del Arco, C. Martin, J. Controlled Release 2013, 169, 28.
H. Kang, M. Kim, Q. Feng, S. Lin, K. Wei, R. Li, C. J. Choi, T.-H. Kim,
G. Li, J.-M. Oh, L. Sian, Biomaterials 2017, 149, 12.

Y. Wang, X. Mei, Y. Bian, T. Hu, X. Weng, R. Liang, M. Wei, Nanoscale
2020, 72, 19075.

M. Camara-Torres, S. Duarte, R. Sinha, A. Egizabal, N. Alvarez,
M. Bastianini, M. Sisani, P. Scopece, M. Scatto, A. Bonetto, A.
Marcomini, A. Sanchez, A. Patelli, C. Mota, L. Moroni, Bioact Mater
2021, 6, 1073.

S. Cheng, D. Zhang, M. Li, X. Liu, Y. Zhang, S. Qian, F. Peng, Bioact
Mater 2021, 6, 91.

M. Chu, Z. Sun, Z. Fan, D. Yu, Y. Mao, Y. Guo, Theranostics 2021, 11,
6717.

Y. Wang, S. Shen, T. Hu, G. R. Williams, Y. Bian, B. Feng, R. Liang,
X. Weng, ACS Nano 2021, 15, 9732.

J. Yu, Q. Wang, D. O’Hare, L. Sun, Chem. Soc. Rev. 2017, 46, 5950.

S. Gbadamasi, M. Mohiuddin, V. Krishnamurthi, R. Verma, M. W.
Khan, S. Pathak, K. Kalantar-Zadeh, N. Mahmood, Chem. Soc. Rev.
2021, 50, 4684.

H. R. Kang, C. ). da Costa Fernandes, R. A. da Silva, V. R. L.
Constantino, I. H. J. Koh, W. F. Zambuzzi, Adv. Healthcare Mater.
2018, 7, 1700693.

S.S. Lee, G. E. Choi, H. . Lee, Y. Kim, J. H. Choy, B. Jeong, ACS Appl.
Mater. Interfaces 2017, 9, 42668.

Y. Yang, T. Hu, Y. Bian, F. Meng, S. Yu, H. Li, Q. Zhang, L. Gu, X.
Weng, C. Tan, R. Liang, Adv. Mater. 2023, 2211205.

J. Awassa, S. Soulé, D. Cornu, C. Ruby, S. El-Kirat-Chatel, Nanoscale
2022, 14, 10335.

K. Miyazaki, Y. Asada, T. Fukutsuka, T. Abe, L. A. Bendersky, J. Mater.
Chem. A 2013, 1, 14569.

J. Feng, Y. He, Y. Liu, Y. Du, D. Li, Chem. Soc. Rev. 2015, 44, 5291.

2301806 (24 O‘F30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[45]
[46]
[47]
(48]

(49]
(5]

[51]

[52]
53]

[54]
[55]

[56]
[57]

(58]

[59]
(60]
(61]
(62]
63]
(64]
[65]

(66]

(67]

(68]
(6]
[70]
(71]
[72]
(73]
(74]

[75]

Adv. Sci. 2023, 10, 2301806

M. Pavlovic, A. Szerlauth, S. Murath, G. Varga, . Szilagyi, Adv. Drug
Delivery Rev. 2022, 191, 114590.

E. Boccalon, G. Gorrasi, M. Nocchetti, Adv. Colloid Interface Sci.
2020, 285, 102284.

G. Abellan, C. Marti-Gastaldo, A. Ribera, E. Coronado, Acc. Chem.
Res. 2015, 48, 1601.

X. Lu, H. Xue, H. Gong, M. Bai, D. Tang, R. Ma, T. Sasaki, Nanomicro
Lett. 2020, 12, 86.

R. K. Kankala, Adv. Drug Delivery Rev. 2022, 186, 114270.

L. Guo, W. Wu, Y. Zhou, F. Zhang, R. Zeng, ). Zeng, J. Mater. Sci.
Technol. 2018, 34, 1455.

B.Yang, Y. Ma, Z. Liang, Y. Liao, Z. Wang, P. Zhu, Surf. Coat. Technol.
2021, 405, 126629.

S. J. Choi, H. ). Paek, J. Yu, Int. J. Nanomed. 2015, 10, 3217.

F. Deng, H. Zhou, J. Chen, H. Huang, |. Tian, Q. Huang, Y. Wen, M.
Liu, X. Zhang, Y. Wei, Mater. Sci. Eng., C 2019, 104, 109976.

F. Peng, D. Wang, D. Zhang, H. Cao, X. Liu, Appl. Clay Sci. 2018, 165,
179.

S. Li, Y. Cui, H. Liu, Y. Tian, G. Wang, Y. Fan, |. Wang, D. Wu, Y. Wang,
J. Mater. Chem. B 2022, 10, 9369.

D. Holmes, Nat. Rev. Endocrinol. 2016, 12, 687.

W. Qiao, K. H. M. Wong, J. Shen, W. Wang, |. Wu, . Li, Z. Lin, Z.
Chen, J. P. Matinlinna, Y. Zheng, S. Wu, X. Liu, K. P. Lai, Z. Chen, Y.
W. Lam, K. M. C. Cheung, K. W. K. Yeung, Nat. Commun. 2021, 12,
2885.

A. M. Barradas, H. A. Fernandes, N. Groen, Y. C. Chai, J. Schrooten,
J. van de Peppel, . P. van Leeuwen, C. A. van Blitterswijk, J. de Boer,
Biomaterials 2012, 33, 3205.

L. Wang, Q. Yang, M. Huo, D. Lu, Y. Gao, Y. Chen, H. Xu, Adv. Mater.
2021, 33, 2100150.

Z. Zhao, G. Li, H. Ruan, K. Chen, Z. Cai, G. Lu, R. Li, L. Deng, M.
Cai, W. Cui, ACS Nano 2021, 15, 13041.

L. Pang, R. Zhao, . Chen, ). Ding, X. Chen, W. Chai, X. Cui, X. Li, D.
Wang, H. Pan, Bioact Mater 2022, 12, 1.

J. Xiao, Y. Zhu, S. Huddleston, P. Li, B. Xiao, O. K. Farha, G. A. Ameer,
ACS Nano 2018, 12, 1023.

S. Li, L. Zhang, C. Liu, ). Kim, K. Su, T. Chen, L. Zhao, X. Lu, H.
Zhang, Y. Cui, X. Cui, F. Yuan, H. Pan, Bioact Mater 2023, 23, 101.
F. Gao, Z. Xu, Q. Liang, H. Li, L. Peng, M. Wu, X. Zhao, X. Cui, C.
Ruan, W. Liu, Adv. Sci. 2019, 6, 1900867.

M. Kamaraj, U. K. Roopavath, P. S. Giri, N. K. Ponnusamy, S. N.
Rath, ACS Appl. Mater. Interfaces 2022, 14, 23245.

P. Cheng, P. Han, C. Zhao, S. Zhang, H. Wu, ). Ni, P. Hou, Y. Zhang,
J. Liu, H. Xu, S. Liu, X. Zhang, Y. Zheng, Y. Chai, Biomaterials 2016,
81, 14.

A. H. Martinez Sanchez, M. Omidi, M. Wurlitzer, M. M. Fuh, F.
Feyerabend, H. Schliiter, R. Willumeit-Rémer, B. J. C. Luthringer,
Bioact Mater 2019, 4, 168.

Z. Lin, C. Gao, D. Wang, Q. He, Angew. Chem., Int. Ed. Engl 2021,
60, 8750.

C. Mao, Y. Xiang, X. Liu, Z. Cui, X. Yang, K. W. K. Yeung, H. Pan, X.
Wang, P. K. Chu, S. Wu, ACS Nano 2017, 11, 9010.

W.Zhang, Y. Zhao, W. Wang, J. Peng, Y. Li, Y. Shangguan, G. Ouyang,
M. Xu, S. Wang, J. Wei, H. Wei, W. Li, Z. Yang, Adv. Healthcare Mater.
2020, 9, 2000092.

X. Cai, Y. Luo, B. Liu, H. M. Cheng, Chem. Soc. Rev. 2018, 47, 6224.
L. Liu, M. Zhou, X. Li, L. Jin, G. Su, Y. Mo, L. Li, H. Zhu, Y. Tian,
Materials 2018, 11, 1314.

H. Wang, Y. Liu, F. Guo, H. Sheng, K. Xia, W. Liu, J. Wen, Y. Shi, A.
Erdemir, ). Luo, J. Phys. Chem. Lett. 2020, 11, 113.

H. Wang, Y. Liu, W. Liu, R. Wang, J. Wen, H. Sheng, ). Peng, A.
Erdemir, J. Luo, ACS Appl. Mater. Interfaces 2017, 9, 30891.

R. K. Kankala, P. Y. Tsai, Y. Kuthati, P. R. Wei, C. L. Liu, C. H. Lee, J.
Mater. Chem. B 2017, 5, 1507.

[76]
[77]
(78]

[79]
(80]

(81]
(82
(83]
(84]

(85]
(86]

(87]

(88]
(89]
(90]
(1]
[92]

(93]
[94]

[95]
[96]

[57]
(98]

[99]

[100]

[101]

[102]

[103]

[104]
[105]

[106]

www.advancedscience.com

C. Xue, Z. Cao, X. Tong, P. Yang, S. Li, X. Chen, D. Liu, W. Huang, J.
Environ. Manage. 2022, 327, 116787.

J. Awassa, D. Cornu, C. Ruby, S. El-Kirat-Chatel, Colloids Surf., B 2022,
217, 112623.

S. Guan, R. Liang, C. Li, D. Yan, M. Wei, D. G. Evans, X. Duan, J.
Mater. Chem. B 2016, 4, 1331.

G. Choi, S. Eom, A. Vinu, ). H. Choy, Chem. Rec. 2018, 18, 1033.

L. X. Zhang, J. Hu, Y. B. Jia, R. T. Liu, T. Cai, Z. P. Xu, Nanoscale 2021,
13, 7533.

V. K. Ameena Shirin, R. Sankar, A. P. Johnson, H. V. Gangadharappa,
K. Pramod, J. Controlled Release 2021, 330, 398.

Y. U. Jo, H. Sim, C. S. Lee, K. S. Kim, K. Na, Biomater. Res. 2022, 26,
23.

P. Sun, R. Ma, X. Bai, K. Wang, H. Zhu, T. Sasaki, Sci. Adv. 2017, 3,
e1602629.

J. Hu, X. Tang, Q. Dai, Z. Liu, H. Zhang, A. Zheng, Z. Yuan, X. Li,
Nat. Commun. 2021, 12, 3409.

K. Ladewig, Z. P. Xu, G. Q. Lu, Expert Opin. Drug Deliv. 2009, 6, 907.
J.-H. Yang, Y.-S. Han, M. Park, T. Park, S.-J. Hwang, |.-H. Choy, Chem.
Mater. 2007, 19, 2679.

P. Yazdani, E. Mansouri, S. Eyvazi, V. Yousefi, H. Kahroba, M. S.
Hejazi, A. Mesbahi, V. Tarhriz, M. M. Abolghasemi, Artif. Cells
Nanomed. Biotechnol. 2019, 47, 436.

T.S.Rad, Z. Ansarian, R. D. C. Soltani, A. Khataee, Y. Orooji, F. Vafaei,
J. Hazard. Mater. 2020, 399, 123062.

R. Gao, X. Mei, D. Yan, R. Liang, M. Wei, Nat. Commun. 2018, 9,
2798.

Z. Cao, L. Zhang, K. Liang, S. Cheong, C. Boyer, . J. Gooding, Y.
Chen, Z. Gu, Adv. Sci. 2018, 5, 1801155.

G. Yang, S. Z. F. Phua, A. K. Bindra, Y. Zhao, Adv. Mater. 2019, 31,
1901513.

L. Cheng, X. Wang, F. Gong, T. Liu, Z. Liu, Adv. Mater. 2020, 32,
1902333.

Y. Chen, Y. Wu, B. Sun, S. Liu, H. Liu, Small 2017, 13, 1603446.

A. Golmohamadpour, B. Bahramian, A. Shafiee, L. Ma’mani, J. Inorg.
Organomet. Polym. Mater. 2018, 28, 1991.

C. W. Kim, Y. P. Yun, H. ]. Lee, Y. S. Hwang, I. K. Kwon, S. C. Lee, J.
Controlled Release 2010, 147, 45.

P. Sandhya, T. S. Kumar, P. Chandni, P. Archna, Int. J. Med. Nano Res.
2022, 9, 39.

K. Miladi, S. Sfar, H. Fessi, A. Elaissari, Ind. Crops Prod. 2015, 72, 24.
X. Shi, Y. Wang, L. Ren, Y. Gong, D. A. Wang, Pharm. Res. 2009, 26,
422.

S. Bhumiratana, J. C. Bernhard, D. M. Alfi, K. Yeager, R. E. Eton,
J. Bova, F. Shah, J. M. Gimble, M. J. Lopez, S. B. Eisig, G. Vunjak-
Novakovic, Sci. Transl. Med. 2016, 8, 343ra83.

J. D. Kretlow, S. Young, L. Klouda, M. Wong, A. G. Mikos, Adv. Mater.
2009, 21, 3368.

J. C. Reichert, A. Cipitria, D. R. Epari, S. Saifzadeh, P. Krishnakanth,
A. Berner, M. A. Woodruff, H. Schell, M. Mehta, M. A. Schuetz, G.
N. Duda, D. W. Hutmacher, Sci. Transl. Med. 2012, 4, 141ra93.

S. Bose, M. Roy, A. Bandyopadhyay, Trends Biotechnol. 2012, 30,
546.

M. M. Hasani-Sadrabadi, P. Sarrion, S. Pouraghaei, Y. Chau, S.
Ansari, S. Li, T. Aghaloo, A. Moshaverinia, Sci. Transl. Med. 2020,
12, eaay6853.

M. A. Fernandez-Yague, S. A. Abbah, L. McNamara, D. |. Zeugolis,
A. Pandit, M. . Biggs, Adv. Drug Delivery Rev. 2015, 84, 1.

C. Zhu, S. Pongkitwitoon, J. Qiu, S. Thomopoulos, Y. Xia, Adv. Mater.
2018, 30, 1707306.

X. Wang, X. Han, C. Li, Z. Chen, H. Huang, J. Chen, C. Wu, T. Fan, T.
Li, W. Huang, O. A. Al-Hartomy, A. Al-Ghamdi, S. Wageh, F. Zheng,
A. G. Al-Sehemi, G. Wang, Z. Xie, H. Zhang, Adv. Drug Delivery Rev.
2021, 178, 113970.

2301806 (25 0f30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[107]
[108]
[109]
[110]
111
[112]
[113]
[114]
[115]

[116]
[117]

[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]

[131]
[132]

[133]

[134]

[135]

[136]

[137]
[138]

[139]
[140]

Adv. Sci. 2023, 10, 2301806

Z.Lin, X.Zhang, M. R. Fritch, Z. Li, B. Kuang, P. G. Alexander, T. Hao,
G. Cao, S. Tan, K. K. Bruce, H. Lin, Biomaterials 2022, 283, 121451.
A. Malhotra, P. Habibovic, Trends Biotechnol. 2016, 34, 983.

M. O. Wang, C. E. Vorwald, M. L. Dreher, E. J. Mott, M. H. Cheng,
A. Cinar, H. Mehdizadeh, S. Somo, D. Dean, E. M. Brey, ). P. Fisher,
Adv. Mater. 2015, 27, 138.

V. A. Truong, M. N. Hsu, N. T. K. Nguyen, M. W. Lin, C. C. Shen, C.
Y. Lin, Y. C. Hu, Nucleic Acids Res. 2019, 47, e74.

E. Duval, C. Baugé, R. Andriamanalijaona, H. Bénateau, S. Leclercq,
S. Dutoit, L. Poulain, P. Galéra, K. Boumédiene, Biomaterials 2012,
33, 6042.

J. Lee, S. Lee, S. ). Huh, B. . Kang, H. Shin, Adv. Sci. 2022, 9,2103525.
Y. Zhao, S. Song, X. Ren, ). Zhang, Q. Lin, Y. Zhao, Chem. Rev. 2022,
122, 5604.

G. Zhu, T. Zhang, M. Chen, K. Yao, X. Huang, B. Zhang, Y. Li, J. Liu,
Y. Wang, Z. Zhao, Bioact. Mater. 2021, 6, 4110.

D. Zhao, T. Zhu, . Li, L. Cui, Z. Zhang, X. Zhuang, ). Ding, Bioact.
Mater. 2021, 6, 346.

Z. Liu, X. Wan, Z. L. Wang, L. Li, Adv. Mater. 2021, 33, 2007429.

Z. Lv, T. Hu, Y. Bian, G. Wang, Z. Wu, H. Li, X. Liu, S. Yang, C. Tan,
R. Liang, X. Weng, Adv. Mater. 2023, 35, 2206545.

G. Wang, Z. Lv, T. Wang, T. Hu, Y. Bian, Y. Yang, R. Liang, C. Tan, X.
Weng, Adv. Sci. 2022, 10, 2204234.

Z. Cao, Y. Bian, T. Hu, Y. Yang, Z. Cui, T. Wang, S. Yang, X. Weng, R.
Liang, C. Tan, J. Materiomics 2023.

Y. Bian, T. Hu, Z. Lv, Y. Xu, Y. Wang, H. Wang, W. Zhu, B. Feng, R.
Liang, C. Tan, X. Weng, Exploration 2023, 3, 20210471.

Y. Wen, S. Xun, M. Haoye, S. Baichuan, C. Peng, L. Xuejian, Z.
Kaihong, Y. Xuan, P. Jiang, L. Shibi, Biomater. Sci. 2017, 5, 1690.

S. Pina, R. Rebelo, V. M. Correlo, ). M. Oliveira, R. L. Reis, Adv. Exp.
Med. Biol. 2018, 1058, 53.

S. Pina, J. M. Oliveira, R. L. Reis, Adv. Mater. 2015, 27, 1143.

L. Wang, J. P. Stegemann, Biomaterials 2010, 31, 3976.

L. Guo, Z. Liang, L. Yang, W. Du, T. Yu, H. Tang, C. Li, H. Qiu, J.
Controlled Release 2021, 338, 571.

E. Malikmammadov, T. E. Tanir, A. Kiziltay, V. Hasirci, N. Hasirci, J.
Biomater. Sci., Polym. Ed. 2018, 29, 863.

N. Saito, K. Takaoka, Biomaterials 2003, 24, 2287.

L. Muthukrishnan, Carbohydr. Polym. 2021, 260, 117774.

M. Shahin, K. Munir, C. Wen, Y. Li, Acta Biomater. 2019, 96, 1.

K. Gulati, C. Ding, T. Guo, H. Guo, H. Yu, Y. Liu, Int. J. Oral Sci. 2023,
15, 15.

R. Agarwal, A. |. Garcia, Adv. Drug Delivery Rev. 2015, 94, 53.

Z. Peng, T. Zhao, Y. Zhou, S. Li, J. Li, R. M. Leblanc, Adv. Healthcare
Mater. 2020, 9, 1901495.

J. Lu, C. Cheng, Y. S. He, C. Lyu, Y. Wang, J. Yu, L. Qiu, D. Zou, D. Li,
Adv. Mater. 2016, 28, 4025.

M. Shimizu, Y. Kobayashi, T. Mizoguchi, H. Nakamura, . Kawahara,
N. Narita, Y. Usui, K. Aoki, K. Hara, H. Haniu, N. Ogihara, N.
Ishigaki, K. Nakamura, H. Kato, M. Kawakubo, Y. Dohi, S. Taruta,
Y. A. Kim, M. Endo, H. Ozawa, N. Udagawa, N. Takahashi, N. Saito,
Adv. Mater. 2012, 24, 2176.

M. Mebhrali, A. Thakur, C. P. Pennisi, S. Talebian, A. Arpanaei, M.
Nikkhah, A. Dolatshahi-Pirouz, Adv. Mater. 2017, 29, 1603612.

C. ). da Costa Fernandes, T. S. Pinto, H. R. Kang, P. d. M. Padilha, I.
H. J. Koh, V. R. L. Constantino, W. F. Zambuzzi, Adv. Biosyst. 2019,
3, 1800238.

Z.Gu, S. Yan, S. Cheong, Z. Cao, H. Zuo, A. C. Thomas, B. E. Rolfe,
Z. P. Xu, J. Colloid Interface Sci. 2018, 512, 404.

Y. Shu, P.Yin, B. Liang, H. Wang, L. Guo, ACS Appl. Mater. Interfaces
2014, 6, 15154.

L. Wu, Z. Hu, G. Chen, Z. Li, Soft Matter 2015, 11, 9038.

S. S. Shafiei, M. Shavandi, G. Ahangari, F. Shokrolahi, Appl. Clay Sci.
2016, 7127, 52.

[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]

[157]

[158]

[159]

[160]
[161]
[162]

[163]

[164]

[165]
[166]
[167]
[168]
[169]
[170]
171]
172]
[173]

[174]

www.advancedscience.com

F. Fayyazbakhsh, M. Solati-Hashjin, A. Keshtkar, M. A. Shokrgozar,
M. M. Dehghan, B. Larijani, Mater. Sci. Eng., C 2017, 76, 701.

A. Gonciulea, S. ). de Beur, Rev. Endocr. Metab. Disord. 2015, 16, 79.
J. A. Siddiqui, N. C. Partridge, Physiology 2016, 31, 233.

R. Marcus, Annu. Rev. Med. 1987, 38, 129.

F. Peng, D. Wang, D. Zhang, B. Yan, H. Cao, Y. Qiao, X. Liu, ACS
Biomater. Sci. Eng. 2018, 4, 4112.

F. Peng, D. Wang, Y. Tian, H. Cao, Y. Qiao, X. Liu, Sci. Rep. 2017, 7,
8167.

D. Zhang, M. Li, R. Xu, J. Xie, Y. Zhang, S. Qian, Y. Qiao, F. Peng, X.
Liu, Adv. Healthcare Mater. 2022, 12, €2201367.

X. Bi, H. Zhang, L. Dou, Pharmaceutics 2014, 6, 298.

L. Li, E. Warszawik, P. van Rijn, Adv. Mater. Interfaces 2023, 10.

L. Peng, X. Mei, . He, J. Xu, W. Zhang, R. Liang, M. Wei, D. G. Evans,
X. Duan, Adv. Mater. 2018, 30, 1707389.

Y. Zhu, Y. Wang, G. R. Williams, L. Fu, J. Wu, H. Wang, R. Liang, X.
Weng, M. Wei, Adv. Sci. 2020, 7, 2000272.

A. Weizbauer, M. Kieke, M. I. Rahim, G. L. Angrisani, E. Willbold, J.
Diekmann, T. Floerkemeier, H. Windhagen, P. P. Mueller, P. Behrens,
S. Budde, J. Biomed. Mater Res., Part B 2016, 104, 525.

D. A. Puleo, W. W. Huh, J. Appl. Biomater. 1995, 6, 109.

G. ). Thompson, D. A. Puleo, J. Appl. Biomater. 1995, 6, 249.

W. Chen, W.-q. Zhu, J. Qiu, RSC Adv. 2021, 11, 13152.

N. J. Hallab, C. Vermes, C. Messina, K. A. Roebuck, T. T. Glant, J. J.
Jacobs, J. Biomed. Mater. Res. 2002, 60, 420.

Z. Wang, Z. Xu, G. Jing, Q. Wang, L. Yang, X. He, L. Lin, J. Niu, L.
Yang, K. Li, Z. Liu, Y. Qian, S. Wang, R. Zhu, Biomaterials 2020, 230,
119602.

H. Fu, L. Wang, Q. Bao, D. Ni, P. Hu, J. Shi, J. Am. Chem. Soc. 2022,
144, 8987.

Y. J. Wu, R. R. Zhu, Y. Zhou, ). Zhang, W. R. Wang, X. Y. Sun,
X. Z. Wu, L. M. Cheng, |. Zhang, S. L. Wang, Nanoscale 2015, 7,
11102.

X. He, Y. Zhu, L. Yang, Z. Wang, Z. Wang, |. Feng, X. Wen, L. Cheng,
R. Zhu, Adv. Sci. 2021, 8, 2003535.

L. Yang, X. He, G. Jing, H. Wang, J. Niu, Y. Qian, S. Wang, ACS Appl.
Mater. Interfaces 2021, 13, 48386.

J. Yang, L. Ye, T. Q. Hui, D. M. Yang, D. M. Huang, X. D. Zhou, }. ).
Mao, C. L. Wang, Int. J. Oral Sci. 2015, 7, 95.

R. Zhu, X. Zhu, Y. Zhu, Z. Wang, X. He, Z. Wu, L. Xue, W. Fan, R.
Huang, Z. Xu, X. Qi, W. Xu, Y. Yu, Y. Ren, C. Li, Q. Cheng, L. Ling, S.
Wang, L. Cheng, ACS Nano 2021, 15, 2812.

G. D. Feltran, C. ). D. Fernandes, M. R. Ferreira, H. R. Kang, A. L. D.
Bovolato, M. D. Golim, E. Deffune, I. H. J. Koh, V. R. L. Constantino,
W. F. Zambuzzi, Colloids Surf., B 2019, 174, 467.

A. Li, L. L. Qin, D. Zhu, R. R. Zhu, J. Sun, S. L. Wang, Biomaterials
2010, 37, 748.

A. Weizbauer, M. Kieke, M. I. Rahim, G. L. Angrisani, E. Willbold, J.
Diekmann, T. Florkemeier, H. Windhagen, P. P. Muller, P. Behrens,
S. Budde, J. Biomed. Mater. Res., Part B 2016, 104, 525.

Q. Li, D. Wang, . Qiu, F. Peng, X. Liu, Biomater. Sci. 2018, 6, 1227.
N. Eskandari, S. S. Shafiei, Mol. Biotechnol. 2021, 63, 477.

F. Fayyazbakhsh, M. Solati-Hashjin, A. Keshtkar, M. A. Shokrgozar,
M. M. Dehghan, B. Larijani, Colloids Surf., B 2017, 158, 697.

D. Cao, Z. Xu, Y. Chen, Q. Ke, C. Zhang, Y. Guo, J. Biomed. Mater.
Res., Part B 2018, 106, 863.

T. Baradaran, S. S. Shafiei, S. Mohammadi, F. Moztarzadeh, Mater.
Today Commun. 2020, 23, 100913.

T. Zhou, E. D. McCarthy, C. Soutis, S. H. Cartmell, J. Biomed. Mater.
Res., Part B 2020, 108, 2835.

S. Wang, Z. Zhang, L. Dong, G. I. N. Waterhouse, Q. Zhang, L. Li, J.
Colloid Interface Sci. 2019, 538, 530.

H. Huang, ). Xu, K. Wei, Y. ). Xu, C. K. Choi, M. Zhu, L. Bian, Macro-
mol. Biosci. 2016, 16, 1019.

2301806 (26 0‘F30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[175]

[176]

177]
[178]
[179]
[180]
[181]
[182]
[183]
[184]

[185]

[186]

[187]

[188]
[189]
[190]
[191]
[192]
(193]
[194]
[195]
[196]
[197]
[198]
[199]
[200]

[201]

[202]

[203]

[204]
[205]

[206]

Adv. Sci. 2023, 10, 2301806

G. Kapusetti, N. Misra, V. Singh, R. K. Kushwaha, P. Maiti, J. Biomed.
Mater. Res., Part A 2012, 100, 3363.

G. Kapusetti, R. R. Mishra, S. Srivastava, N. Misra, V. Singh, P. Roy,
S. K. Singh, C. Chakraborty, S. Malik, P. Maiti, J. Mater. Chem. B
2013, 1, 2275.

H. Piao, M. H. Kim, M. Cui, G. Choi, ). H. Choy, J. Korean Med. Sci.
2019, 34, e37.

M. H. Kim, W. Hur, G. Choi, H. S. Min, T. H. Choi, Y. B. Choy, J. H.
Choy, Adv. Healthcare Mater. 2016, 5, 2765.

H. Kang, M. Kim, Q. Feng, S. Lin, K. Wei, R. Li, C. J. Choi, T. H. Kim,
G. Li, J. M. Oh, L. Bian, Biomaterials 2017, 149, 12.

G. Belgheisi, M. H. Nazarpak, M. S. Hashjin, Appl. Clay Sci. 2020,
185, 105434.

Y. X. Chen, R. Zhu, Q. F. Ke, Y. S. Gao, C. Q. Zhang, Y. P. Guo,
Nanoscale 2017, 9, 6765.

Y. X. Chen, R. Zhu, Z. L. Xu, Q. F. Ke, C. Q. Zhang, Y. P. Guo, J. Mater.
Chem. B 2017, 5, 2245.

S. Bose, G. Fielding, S. Tarafder, A. Bandyopadhyay, Trends Biotech-
nol. 2013, 37, 594.

A. P. Kusumbe, S. K. Ramasamy, R. H. Adams, Nature 2014, 507,
323.

R. Fu, W. C. Lv, Y. Xu, M. Y. Gong, X. J. Chen, N. Jiang, Y. Xu, Q. Q.
Yao, L. Di, T. Lu, L. M. Wang, R. Mo, Z. Q. Wu, Nat. Commun. 2020,
11, 460.

Y. Q. Yang, Y. Y. Tan, R. Wong, A. Wenden, L. K. Zhang, A. B. Rabie,
Int. J. Oral Sci. 2012, 4, 64.

H. S. Han, I. Jun, H. K. Seok, K. S. Lee, K. Lee, F. Witte, D.
Mantovani, Y. C. Kim, S. Glyn-Jones, |. R. Edwards, Adv. Sci. 2020, 7,
2000800.

J. Xiao, S. Chen, ). Yi, H. Zhang, G. A. Ameer, Adv. Funct. Mater. 2017,
27, 1604872.

N. J. Lakhkar, I. H. Lee, H. W. Kim, V. Salih, I. B. Wall, J. C. Knowles,
Adv. Drug Delivery Rev. 2013, 65, 405.

M. Yao, X. Hao, H. Shao, D. Wang, B. Li, S. Xing, X. Zhao, C. Zhang,
X. Liu, Y. Zhang, F. Peng, ACS Appl. Mater. Interfaces 2022, 14,47369.
S. Cheng, L. Lan, M. Li, X. Chu, H. Zhong, M. Yao, F. Peng, Y. Zhang,
ACS Omega 2021, 6, 24575.

P. Liu, M. Li, H. Yu, H. Fang, J. Yin, D. Zhu, Q. Yang, Q. Ke, Y. Huang,
Y. Guo, Y. Gao, C. Zhang, Chem. Eng. J. 2021, 418, 129531.

D. B. Burr, M. A. Gallant, Nat. Rev. Rheumatol. 2012, 8, 665.

J. W. Bijlsma, F. Berenbaum, F. P. Lafeber, Lancet 2011, 377, 2115.
J. A. Buckwalter, ). A. Martin, Adv. Drug Delivery Rev. 2006, 58, 150.
Z. Zhou, |. Cui, S. Wu, Z. Geng, |. Su, Theranostics 2022, 12, 5103.
S. Wang, S. Zhao, |. Yu, Z. Gu, Y. Zhang, Small 2022, 18, €2201869.
J. McHugh, Nat. Rev. Rheumatol. 2019, 15, 66.

S. P. Nukavarapu, D. L. Dorcemus, Biotechnol. Adv. 2013, 31, 706.
Z. Wang, H. Yang, X. Xu, H. Hu, Y. Bai, J. Hai, L. Cheng, R. Zhu,
Bioact. Mater. 2023, 22, 75.

H.-y. Yang, R.|. van Ee, K. Timmer, E. G. M. Craenmehr, ). H. Huang,
F. C. Oner, W. J. A. Dhert, A. H. M. Kragten, N. Willems, G. C. M.
Grinwis, M. A. Tryfonidou, N. E. Papen-Botterhuis, L. B. Creemers,
Acta Biomater. 2015, 23, 214.

C. Otto-Lambertz, A. Yagdiran, F. Wallscheid, P. Eysel, N. Jung,
Dtsch. Arztebl. Int. 2017, 114, 347.

E. Gomez, C. Cazanave, S. A. Cunningham, K. E. Greenwood-
Quaintance, J. M. Steckelberg, J. R. Uhl, A. D. Hanssen, M. |. Karau,
S. M. Schmidt, D. R. Osmon, E. F. Berbari, ]. Mandrekar, R. Patel, J.
Clin. Microbiol. 2012, 50, 3501.

M. Gellert, S. Hardt, K. Kéder, N. Renz, C. Perka, A. Trampuz, Int. J.
Antimicrob. Agents 2020, 55, 105904.

Y. Achermann, E. ]. Goldstein, T. Coenye, M. E. Shirtliff, Clin. Micro-
biol. Rev. 2014, 27, 419.

H. C. Flemming, ). Wingender, U. Szewzyk, P. Steinberg, S. A. Rice,
S. Kjelleberg, Nat. Rev. Microbiol. 2016, 14, 563.

[207]

[208]
[209]
[210]
[217]

[212]
[213]

[214]
[215]

[216]
[217]
[218]
[219]

[220]

[221]

[222]
[223]

[224]

[225]
[226]
[227]
[228]

[229]
[230]

[231]

[232]

[233]

[234]

[235]

[236]

www.advancedscience.com

R. lorio, S. Yu, A. A. Anoushiravani, A. M. Riesgo, B. Park, J.
Vigdorchik, ). Slover, W. J. Long, R. Schwarzkopf, J. Arthroplasty 2020,
35, 1933.

Y. Zhu, F. Zhang, W. Chen, S. Liu, Q. Zhang, Y. Zhang, J. Hosp. Infect.
2015, 89, 82.

M. Honkanen, E. Jamsen, M. Karppelin, R. Huttunen, J. Syrjanen,
Clin. Microbiol. Infect. 2019, 25, 1021.

D. Campoccia, L. Montanaro, C. R. Arciola, Biomaterials 2006, 27,
2331.

X.Zhang, ). Zheng, P. Jin, D. Xu, S. Yuan, R. Zhao, S. Depuydt, Y. Gao,
Z. L. Xu, B. Van der Bruggen, J. Hazard. Mater. 2022, 435, 129010.
D. Han, X. Liu, S. Wu, Chem. Soc. Rev. 2022, 51, 7138.

Y. Li, Y. Miao, L. Yang, Y. Zhao, K. Wu, Z. Lu, Z. Hu, J. Guo, Adv. Sci.
2022, 9, 2202684.

R. Li, T. Chen, X. Pan, ACS Nano 2021, 15, 3808.

M. Yin, Z. Qiao, D. Yan, M. Yang, L. Yang, X. Wan, H. Chen, J. Luo,
H. Xiao, Mater. Sci. Eng., C 2021, 128, 112292.

R. Viitala, V. Franklin, D. Green, C. Liu, A. Lloyd, B. Tighe, Acta Bio-
mater. 2009, 5, 438.

J. Tan, D. Wang, H. Cao, Y. Qiao, H. Zhu, X. Liu, ACS Appl. Mater.
Interfaces 2018, 10, 42018.

K. Li, H. Tian, A. Guo, L. Jin, W. Chen, B. Tao, J. Biomed. Mater. Res.,
Part A 2022, 110, 273.

M. Li, Z. P. Xu, Y. Sultanbawa, W. Chen, ). Liu, G. Qian, Colloids Surf.,
B 2019, 1817, 585.

A. Donnadio, M. Bini, C. Centracchio, M. Mattarelli, S. Caponi, V.
Ambrogi, D. Pietrella, A. Di Michele, R. Vivani, M. Nocchetti, ACS
Biomater. Sci. Eng. 2021, 7, 1361.

V. Segura-Perez, M. Lobo-Sanchez, F. D. Velazquez-Herrera, D.
A. Frias-Vazquez, E. Reyes-Cervantes, G. Fetter, Microporous Meso-
porous Mater. 2020, 298, 110069.

M. Chakraborti, . K. Jackson, D. Plackett, S. E. Gilchrist, H. M. Burt,
J. Mater. Sci. Mater. Med. 2012, 23, 1705.

M. Chakraborti, J. K. Jackson, D. Plackett, D. M. Brunette, H. M.
Burt, Int. J. Pharm. 2011, 416, 305.

D. Hesse, M. Badar, A. Bleich, A. Smoczek, S. Glage, M. Kieke,
P. Behrens, P. P. Mueller, K.-H. Esser, M. Stieve, N. K. Prenzler, J.
Mater. Sci. Mater. Med. 2013, 24, 129.

D. M. Gianferante, L. Mirabello, S. A. Savage, Nat. Rev. Endocrinol.
2017, 13, 480.

D. C. Dahlin, Mayo Clin. Proc. 1988, 63, 414.

H. ). Mankin, N. Engl. J. Med. 1979, 300, 543.

P.S. Meltzer, L. J. Helman, N. Engl. J. Med. 2021, 385, 2066.

J. Liao, R. Han, Y. Wu, Z. Qian, Bone Res. 2021, 9, 18.

M. P. Link, A. M. Goorin, A. W. Miser, A. A. Green, C. B. Pratt, |. B.
Belasco, J. Pritchard, |. S. Malpas, A. R. Baker, J. A. Kirkpatrick, A. G.
Ayala, J. J. Shuster, H. T. Abelson, J. V. Simone, T. ). Vietti, N. Engl. J.
Med. 1986, 314, 1600.

M. Collins, M. Wilhelm, R. Conyers, A. Herschtal, . Whelan, S.
Bielack, L. Kager, T. Kiihne, M. Sydes, H. Gelderblom, S. Ferrari,
P. Picci, S. Smeland, M. Eriksson, A. S. Petrilli, A. Bleyer, D. M.
Thomas, J. Clin. Oncol. 2013, 37, 2303.

L. Zhang, Y. Jia, . Yang, L. Zhang, S. Hou, X. Niu, J. Zhu, Y. Huang,
X. Sun, Z. P. Xu, R. Liu, ACS Nano 2022, 16, 12036.

Y. Wang, L. Zhang, G. Zhao, Y. Zhang, F. Zhan, Z. Chen, T. He, Y.
Cao, L. Hao, Z. Wang, Z. Quan, Y. Ou, J. Nanobiotechnology 2022,
20, 83.

S. Duchi, G. Sotgiu, E. Lucarelli, M. Ballestri, B. Dozza, S. Santi,
A. Guerrini, P. Dambruoso, S. Giannini, D. Donati, C. Ferroni, G.
Varchi, J. Controlled Release 2013, 168, 225.

W. Yu, Y. Wang, ). Zhu, L. Jin, B. Liu, K. Xia, J. Wang, J. Gao, C. Liang,
H. Tao, Biomaterials 2019, 192, 128.

D. Zhang, S. Cheng, ). Tan, J. Xie, Y. Zhang, S. Chen, H. Du, S. Qian,
Y. Qiao, F. Peng, X. Liu, Bioact. Mater. 2022, 17, 394.

2301806 (27 0f30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[237]
[238]
[239]
[240]
[241]
[242]
[243]
[244]
[245]
[246]
[247]
[248]
[249]
[250]
[251]
[252]
[253]
[254]

[255]

[256]

[257]

[258]

[259]
[260]

[261]
[262]

[263]
[264]

[265]

[266]
[267]

Adv. Sci. 2023, 10, 2301806

W. Shen, T. Hu, X. Liu, J. Zha, F. Meng, Z. Wu, Z. Cui, Y. Yang, H. Li,
Q. Zhang, L. Gu, R. Liang, C. Tan, Nat. Commun. 2022, 13, 3384.
S. Ray, S. Saha, B. Sa, ). Chakraborty, Drug Deliv. Transl. Res. 2017,
7,259.

J.-M. Oh, M. Park, S.-T. Kim, J.-Y. Jung, Y.-G. Kang, ].-H. Choy, J. Phys.
Chem. Solids 2006, 67, 1024.

M. Chakraborty, M. K. Mitra, ). Chakraborty, Bull. Mater. Sci. 2017,
40, 1203.

L. Li, R. Zhang, W. Gu, Z. P. Xu, Nanomedicine 2018, 14, 2355.

J. D. Loeser, R. Melzack, Lancet 1999, 353, 1607.

S. P. Cohen, L. Vase, W. M. Hooten, Lancet 2021, 397, 2082.

A. ). Schoenfeld, J. Bone Jt. Surg. 2020, 102, 47.

J. ). Shin, C. L. McCrum, C. S. Mauro, D. Vyas, Am. J. Sports Med.
2018, 46, 3288.

E. Losina, E. E. Dervan, M. E. Daigle, J. N. Katz, Osteoarthritis Carti-
lage 2013, 21, 1264.

A. M. Schjerning, P. McGettigan, G. Gislason, Nat. Rev. Cardiol.
2020, 17, 574.

A. Caplan, N. Fett, M. Rosenbach, V. P. Werth, R. G. Micheletti, J.
Am. Acad. Dermatol. 2017, 76, 11.

A. Lanas, J. Tornero, ). L. Zamorano, Ann. Rheum. Dis. 2010, 69,
1453.

M. P. Bernardo, B. C. S. Rodrigues, T. D. de Oliveira, A. P. M. Guedes,
A. A. Batista, L. H. C. Mattoso, Clays Clay Miner. 2020, 68, 623.

M. Del Arco, E. Cebadera, S. Gutiérrez, C. Martin, M. J. Montero, V.
Rives, J. Rocha, M. A. Sevilla, J. Pharm. Sci. 2004, 93, 1649.

B. Soltani, H. Nabipour, N. A. Nasab, J. Dispers. Sci. Technol. 2018,
39, 1200.

A. Manna, S. Pramanik, A. Tripathy, Z. Radzi, A. Moradi, B.
Pingguan-Murphy, N. A. Abu Osman, RSC Adv. 2016, 6, 25549.

V. Yousefi, V. Tarhriz, S. Eyvazi, A. Dilmaghani, J. Nanobiotechnol.
2020, 78, 155.

M. R. Berber, K. Minagawa, M. Katoh, T. Mori, M. Tanaka, Eur. J.
Pharm. Sci. 2008, 35, 354.

K. L. Dagnon, S. Ambadapadi, A. Shaito, S. M. Ogbomo, V. DeLeon,
T. D. Golden, M. Rahimi, K. Nguyen, P. S. Braterman, N. A. D’Souza,
J. Appl. Polym. Sci. 2009, 113, 1905.

L. N. M. Ribeiro, A. C. S. Alcantara, M. Darder, P. Aranda, P. S. P.
Herrmann, F. M. Araujo-Moreira, M. Garcia-Hernandez, E. Ruiz-
Hitzky, Int. J. Pharm. 2014, 477, 553.

N. Willems, H.-Y. Yang, M. L. P. Langelaan, A. R. Tellegen, G. C. M.
Grinwis, H.-J. C. Kranenburg, F. M. Riemers, S. G. M. Plomp, E. G.
M. Craenmehr, W. J. A. Dhert, N. E. Papen-Botterhuis, B. P. Meij, L.
B. Creemers, M. A. Tryfonidou, Arthritis Res. Ther. 2015, 17, 214.

T. Rhen, . A. Cidlowski, N. Engl. J. Med. 2005, 353, 1711.

R. S. Hardy, H. Zhou, M. J. Seibel, M. S. Cooper, Endocr. Rev. 2018,
39,519.

D. Huscher, K. Thiele, E. Gromnica-lhle, G. Hein, W. Demary, R.
Dreher, A. Zink, F. Buttgereit, Ann. Rheum. Dis. 2009, 68, 1119.

L. Zhang, W. Shen, J. Luan, D. Yang, G. Wei, L. Yu, W. Lu, J. Ding,
Acta Biomater. 2015, 23, 271.

Y. Li, H. Li, M. Wei, J. Lu, L. Jin, Chem. Eng. J. 2009, 151, 359.

A. Kamyar, M. Khakbiz, A. Zamanian, M. Yasaei, B. Yarmand, J. Solid
State Chem. 2019, 271, 144.

S. K. Ramasamy, A. P. Kusumbe, M. Schiller, D. Zeuschner, M. G.
Bixel, C. Milia, J. Gamrekelashvili, A. Limbourg, A. Medvinsky, M.
M. Santoro, F. P. Limbourg, R. H. Adams, Nat. Commun. 2016, 7,
13601.

E. R. Balmayor, Adv. Drug Delivery Rev. 2015, 94, 13.

Y. Wang, G. Zhu, N. Li, ). Song, L. Wang, X. Shi, Biotechnol. Adv. 2015,
33, 1626.

[268]

[269]

[270]
[271]
[272]
[273]
[274]
[275]
[276]
[277]
[278]
[279]
[280]
[281]
[282]

[283]

[284]
[285]

[286]
[287]
[288]
[289]
[290]

[291]
[292]

[293]

[294]
[295]
[296]

[297]
[298]

www.advancedscience.com

Z.Li, C. A. Meyers, L. Chang, S. Lee, Z. Li, R. Tomlinson, A. Hoke, T.
L. Clemens, A. W. James, J. Clin. Invest. 2019, 129, 5137.

M. ). Carr, ). S. Toma, A. P. W. Johnston, P. E. Steadman, S. A. Yuzwa,
N. Mahmud, P. W. Frankland, D. R. Kaplan, F. D. Miller, Cell Stem
Cell 2019, 24, 240.

J. Fei, X. Wen, X. Lin, Saijilafu, W. Wang, O. Ren, X. Chen, L. Tan, K.
Yang, H. Yang, L. Yang, Mater. Sci. Eng., C 2017, 78, 1155.

Z. Wang, |. Nong, R. B. Shultz, Z. Zhang, T. Kim, V. J. Tom, R. K.
Ponnappan, Y. Zhong, Biomaterials 2017, 112, 62.

J. Sun, Y. Zhang, Z. Lu, Q. Li, Q. Xue, S. Du, J. Pu, L. Wang, J. Phys.
Chem. Lett. 2018, 9, 2554.

R. A. Wright, K. Wang, J. Qu, B. Zhao, Angew. Chem., Int. Ed. Engl.
2016, 55, 8656.

D. K. Verma, B. Kumar, Kavita, R. B. Rastogi, ACS Appl. Mater. Inter-
faces 2019, 11, 2418.

Y. Meng, F. Su, Y. Chen, ACS Appl. Mater. Interfaces 2017, 9, 39549.
M. Malaki, R. S. Varma, Adv. Mater. 2020, 32, 2003154.

K. Ma, Y. Li, Z. Wang, Y. Chen, X. Zhang, C. Chen, H. Yu, J. Huang, Z.
Yang, X. Wang, Z. Wang, ACS Appl. Mater. Interfaces 2019, 11, 29630.
L. Yang, J. Sun, Q. Liu, R. Zhu, Q. Yang, J. Hua, L. Zheng, K. Li, S.
Wang, A. Li, Adv. Sci. 2019, 6, 1802012.

X. Mei, T. Hu, H. Wang, R. Liang, W. Bu, M. Wei, Biomaterials 2020,
258, 120257.

T. Hu, W. Shen, F. Meng, S. Yang, S. Yu, H. Li, Q. Zhang, L. Gu, C.
Tan, R. Liang, Adv. Mater. 2023, 35, 2209692.

P. Orth, M. Cucchiarini, G. Kaul, M. F. Ong, S. Gréber, D. M. Kohn,
H. Madry, Osteoarthritis Cartilage 2012, 20, 1161.

Y. Zhou, T. Jiang, M. Qian, X. Zhang, J. Wang, B. Shi, H. Xia, X.
Cheng, Y. Wang, Biomaterials 2008, 29, 461.

E. Campodoni, M. Velez, E. Fragogeorgi, |. Morales, P. de la
Presa, D. Stanicki, S. M. Dozio, S. Xanthopoulos, P. Bouziotis, E.
Dermisiadou, M. Rouchota, G. Loudos, P. Marin, S. Laurent, S.
Boutry, S. Panseri, M. Montesi, A. Tampieri, M. Sandri, Biomater.
Sci. 2021, 9, 7575.

S. P. Victor, J. Muthu, Mater. Sci. Eng., C 2014, 39, 150.

N. Kamaly, Z. Xiao, P. M. Valencia, A. F. Radovic-Moreno, O. C.
Farokhzad, Chem. Soc. Rev. 2012, 41, 2971.

J. C. Middleton, A. J. Tipton, Biomaterials 2000, 21, 2335.

T. Friedmann, Science 1989, 244, 1275.

S. Onuora, Nat. Rev. Rheumatol. 2019, 15, 513.

N. Z. Laird, T. M. Acri, K. Tingle, A. K. Salem, Adv. Drug Delivery Rev.
2021, 174, 613.

N. K. Bleich, I. Kallai, . R. Lieberman, E. M. Schwarz, G. Pelled, D.
Gazit, Adv. Drug Delivery Rev. 2012, 64, 1320.

C. H. Evans, Adv. Drug Delivery Rev. 2012, 64, 1331.

K. M. Tyner, M. S. Roberson, K. A. Berghorn, L. Li, R. F. Gilmour, C.
A. Batt, E. P. Giannelis, J. Controlled Release 2004, 100, 399.

L. S. Costard, D. C. Kelly, R. N. Power, C. Hobbs, S. Jaskaniec, V.
Nicolosi, B. L. Cavanagh, C. M. Curtin, F. |. O'Brien, Pharmaceutics
2020, 72, 1219.

F. Shokrolahi, F. Latif, P. Shokrollahi, F. Farahmandghavi, S.
Shokrollahi, Int. J. Pharm. 2021, 606, 120901.

M. A. Bartlett, K. F. Mauck, C. R. Stephenson, R. Ganesh, P. R.
Daniels, Mayo Clin. Proc. 2020, 95, 2775.

B. E. Stein, U. Srikumaran, E. W. Tan, M. T. Freehill, |. H. Wilckens,
J. Bone Jt. Surg. 2012, 94, e167.

J. M. Taylor, M. A. Gropper, Crit. Care Med. 2006, 34, S191.

R. Rossaint, B. Bouillon, V. Cerny, T. |. Coats, J. Duranteau, E.
Ferndndez-Mondéjar, D. Filipescu, B. . Hunt, R. Komadina, G.
Nardi, E. A. Neugebauer, Y. Ozier, L. Riddez, A. Schultz, ). L. Vincent,
D. R. Spahn, Crit. Care 2016, 20, 100.

2301806 (28 0‘F30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED APV G_E

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

Yixin Bian is now pursuing his Ph.D. degree in orthopedics at Peking Union Medical College Hospital
(PUMCH), Chinese Academy of Medical Science and Peking Union Medical College (CAMS&PUMC)
under the supervision of Prof. Xisheng Weng. His research interest focuses on bone tissue engineer-
ing, knee and hip disease, and sports injury.

Xuejie Cai received her M.B. in Sun Yat-sen University School of Medicine (China) and started pur-
suing her Ph.D. degree in orthopedics under the supervision of Prof. Xisheng Weng at Peking Union
Medical College Hospital (PUMCH), Chinese Academy of Medical Science and Peking Union Medi-
cal College (CAMS&PUMC). Her research interest is in applying bone tissue engineering in muscu-
loskeletal disease treatment.

Chaoliang Tan is currently an assistant professor in the Department of Electrical Engineering at the
City University of Hong Kong. He received his Ph.D. from Nanyang Technological University in 2016.
After working as a research fellow in the same group for about 1year, he then worked as a postdoctoral
researcher atthe University of California, Berkeley, for 2 years. His research focuses on 2D materials
for electronics and optoelectronics, and structural engineering of layered materials for biomedicine,
energy storage, etc.

Ruizheng Liang received his Ph.D. degree from Beijing University of Chemical Technology (BUCT) in
2015, under the supervision of Prof. Xue Duan and Prof. Min Wei, after which he joined BUCT as the
associate professor in the State Key Laboratory of Chemical Resource Engineering. He used to be a vis-
iting student at the University of Oxford (in 2014). He was promoted to professorin 2021. His current
interests are mainly focused on: (1) the 2D intercalation chemistry and functional nanomaterials, and
(2) the design and fabrication of layered double hydroxide (LDH)-based biomaterials.

Adv. Sci. 2023, 10, 2301806 2301806 (29 0f30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED ADVANCED

SCIENCE NEWS SCIE
www.advancedsciencenews.com

www.advancedscience.com

Xisheng Weng obtained his Ph.D. degree from Peking Union Medical College Hospital (PUMCH) of
China. He is the director of the Surgery Departmentin PUMCH and holds the post of the vice chair-
man of the committee of the Chinese Medical Association Orthopaedic Branch and the orthopedic
branch ofthe Chinese Medical Doctor Association. His research focus on the Bone tissue engineering,
artificial joint system design, hip and knee joint diseases, and hemophilic osteoarthropathy.

Adv. Sci. 2023, 10, 2301806 2301806 (30 0‘F30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

