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Smart Cargo Delivery System based on Mesoporous
Nanoparticles for Bone Disease Diagnosis and Treatment

Panpan Pan, Qin Yue, Juan Li, Meiqi Gao, Xuanyu Yang, Yuan Ren, Xiaowei Cheng,*

Penglei Cui,* and Yonghui Deng*

Bone diseases constitute a major issue for modern societies as a consequence
of progressive aging. Advantages such as open mesoporous channel, high
specific surface area, ease of surface modification, and multifunctional
integration are the driving forces for the application of mesoporous
nanoparticles (MNs) in bone disease diagnosis and treatment. To achieve
better therapeutic effects, it is necessary to understand the properties of MNs
and cargo delivery mechanisms, which are the foundation and key in the
design of MNs. The main types and characteristics of MNs for bone
regeneration, such as mesoporous silica (mSiO,), mesoporous hydroxyapatite
(mHAP), mesoporous calcium phosphates (mCaPs) are introduced.
Additionally, the relationship between the cargo release mechanisms and
bone regeneration of MNs-based nanocarriers is elucidated in detail.
Particularly, MNs-based smart cargo transport strategies such as sustained
cargo release, stimuli-responsive (e.g., pH, photo, ultrasound, and
multi-stimuli) controllable delivery, and specific bone-targeted therapy for
bone disease diagnosis and treatment are analyzed and discussed in depth.
Lastly, the conclusions and outlook about the design and development of
MNs-based cargo delivery systems in diagnosis and treatment for bone tissue
engineering are provided to inspire new ideas and attract researchers’
attention from multidisciplinary areas spanning chemistry, materials science,
and biomedicine.

1. Introduction

Bone diseases, such as bone cancer (e.g.,
osteosarcoma, bone metastasis), bone in-
fection, osteoporosis, osteoarthritis (OA),
and nonunion defects constitute a ma-
jor issue that threatens public health as
a consequence of progressive aging of
bone.l'll' Autografts and allografts are re-
garded as the most traditional treatment
strategies for bone reconstruction.l”) Most
pathologies can be treated in clinical treat-
ment, but some of these treatments may
present several drawbacks.*) Biocompati-
ble targeted nanoparticles have emerged as
an effective vehicle to transfer cargo for
targeted delivery, on-demand release, and
reduce side effects. In particular, meso-
porous nanoparticles (MNs, 2-50 nm in
one or more dimensions) have attracted in-
creasing attention in maximizing the con-
tent of cargo encapsulated, minimizing pre-
mature release, and targeted releasing the
cargo due to their well-defined and tun-
able size/shape-dependent physicochemi-
cal properties for immobilizing targeting
ligands and guest species, as well as high
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Scheme 1. Various smart cargo delivery systems based on mesoporous
nanoparticle for bone disease diagnosis and treatment.

surface-to-volume ratio for loading various of biomolecules and
therapeutic agents.[*!

Given that bone matrix including inorganic minerals (e.g.,
hydroxyapatite, colloidal calcium phosphate) and organic ma-
trices (e.g., Type I collagen) that are nanosized self-assembly,
MNs could absorb into the tissue microenvironment for re-
pair diseased osseous tissue.’) Among all kinds of inorganic
MNs, mesoporous silica nanoparticles (mSiO,, MSNs) have at-
tracted tremendous interest owing to their exceptional merits
such as high specific surface area and large pore volume, dif-
ferent mesoporous channels, tunable sizes and shapes, excellent
biocompatibility as well as ease of surface functionalization.[®!
Particularly, silicon involved in the process of bone calcifica-
tion could stimulate new bone growth by initiating bone matrix
mineralization or promoting bone cell activity, displaying great
potential in osteogenesis and angiogenesis. Besides, extensive
mesoporous nanoparticles, such as mesoporous calcium phos-
phate (mCaP),l’] mesoporous bioactive glass (mBG),® meso-
porous calcium-silicate (CaSiO;), mesoporous carbon,®! meso-
porous hydroxyapatite (mHAP),['®) mesoporous polydopamine
(mPDA),["ImTiO, 12l mZrO,,['*l and silicate,'*] also receive con-
siderable attention in skeletal-related disorders diagnosis and
treatment though different strategy such as targeted and con-
trolled drug/protein/gene vehicles, bioimaging, as well as bone
tissue engineering. Moreover, metal-doped (e.g., Cu, Eu, Zn,
St, Co, Ga) or core—shell (yolk-shell) or heterogenous MNs en-
dow nanomaterial multifunctional possibility to obtain improved
therapeutic effects. It is urgent to explore the bone disease diag-
nosis and treatment application of innovative materials by taking
full advantageous features of MNs.

In this review, the recent development proceeding of diverse
MNs in bone disease diagnosis and treatment in past decades is
discussed in depth (Scheme 1). First, the properties of diverse
MNs and their therapy and diagnosis mechanisms for bone-
related diseases are elucidated in detail, which is the foundation
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and plays a crucial role in the design of MNs. Additionally, the
relationship between MNs-based multifunctional nanocompos-
ites and bone regeneration, as well as the mechanisms among
the distinct structure of MNs and cargo sustained release are
summarized. Especially, this review discusses and emphasizes
the different therapy and diagnose strategies such as typical
cargo sustained release, controllable and stimuli-responsive (e.g.,
pH, photo, ultrasound, and multistimuli) cargo delivery, specific
bone-targeted therapy, and effective imaging agents for their ap-
plication in skeletal-related disorders diagnosis and treatment.
Lastly, the conclusions and outlook related to the design and de-
velopment of MNs in diagnosing and treatment for bone tissue
engineering are outlined.

2. Types of Mesoporous Nanoparticles

2.1. Mesoporous Silica Nanoparticles (mSiO,)

Among all the available MNs, MSNs are the new candidate as
smart drug delivery vehicles to the field, owing to their unique
and superlative properties.'! Silicon is a vital element in the
mechanism of biomineralization and plays a crucial role both in
bone growth and calcification.['®! Schwarz!!7] identified a close re-
lationship between the silicon element and collagen. During the
formation of cross-links between proteoglycans and collagen, sil-
icon not only stabilizes bone matrix but also inhibits their degra-
dation in vivo. MSNs have been acted as a vivid candidate for
an efficient cargo vehicle in bone reconstruction research ow-
ing to tremendous advantages, such as excellent biocompatibility,
the intrinsic stable siliceous frameworks, and excellent mechani-
cal strength, large surface area, and regular mesoporous chan-
nel endowing them storage capability as well as high thermal
stability.[’®] More importantly, compared with other MNs, MSNs
not only possess easily functional surfaces due to a large amount
of surface hydrophilic silanol groups but also function as a pro-
tective layer against enzymatic/pH-mediated cargo degradation
in vivo. In this regard, Wu and co-workers review systematically
the synthetic method of MSNs with nanoarchitecture structure
and surface functionality.[*"]

In general, ordered MSNs are synthesized through the
surfactant-templating approach, which predominantly utilizes
small cationic surfactants (e.g., cetyltrimethylamonium bromide,
CTAB) and amphiphilic block copolymer (e.g., amphiphilic tri-
block PEO,,-PPO,,-PEO,(, copolymers, Pluronic F127; am-
phiphilic triblock PEO,,-PO,,-PEO,, copolymers, Pluronic P123,
etc.) as structure-directing templates and tetraethoxysilane
(TEOS) or organosilica (e.g., 1,2-bis(triethoxysilyl)-ethane, BTEE)
as the silica source. For example, the Shi group has ob-
tained MSNs through the small molecular template (CTAB) and
organosilane (chlorotrimethyl silane)-directed assembly method
and investigated their latent applications in cargo delivery and
tumor therapy.['”) Besides, integration of the magnetic core can
endow the particle unique magnetocaloric effect and expand
the applications in magnetic hyperthermia and magnetic reso-
nance imaging.[?! Our group reported a series of facile and ef-
fective strategies to construct a highly ordered core-shell mag-
netic MSNs with large pore size and open mesoporous chan-
nels through biliquid-phase interface coassembly using small
cationic surfactants CTAB, or amphiphilic block copolymers-
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directed interface coassembly.?!l Moreover, compared with the

calcination method, the solvent extraction method could re-
tain abundant functional groups on the surface of MNs to
more potential and wide application. Moreover, more efforts
were paid to develop surface modifications of MNs to design
stimuli-responsive nanovehicles or to enhance the bone targeting
ability.l22] Most recently, despite tremendous studies around
MSNs on the biomedical application, MSNs are often considered
to be toxic regardless of their source. Even though the silica is
“generally regarded as safe” by the US Food and Drug Admin-
istration (FDA), it still meets great bottlenecks in practical clin-
ical applications.[®?3] Many previous studies proved that small
MSNs possess relatively good biocompatibility.?*! In a recent re-
view, Brinker and co-workers pointed out that not all amorphous
silica nanoparticles are toxic regardless of structure (e.g., similar
size, shape,!?] element doping, composition, surface chemistry,
and surface charge), and tremendous work has been done to ex-
plore how composition as well as synthesis affect biotoxicity (Fig-
ure 1A).2%] For instance, Zhang et al. systematically explored the
toxicity of the amorphous MSNs depend on processing pathway
(colloidal vs pyrolytic).l”] Huang et al.[?) designed fluorescent
MSNs with two aspect ratios (1.5, 5) for detecting the biosafety
and clearance in vivo. It was found that particle shape of MSN sig-
nificantly affected on its organ distributions, and short-rod MSNs
display a faster clearance rate than long-rod MSNs. The relation-
ships between structure and toxicity and the relationships be-
tween synthetic methods and material structure were discussed
in detail by Brinker et al.[2%]

Besides the biocompatible component, biodegradable moi-
eties can also be introduced to achieve controlled release of
cargo, for instance, introducing organic groups into the silox-
ane framework.['>] The adjustable degradation rate and mech-
anism could also be of vital importance for the design of safe and
biodegradable MSN-drug composite nanoparticles for simultane-
ous drug delivery and silica decomposition. Inspired by this con-
cept, Li and co-workers designed a special type of MSNs-cargo
nanocomposites for controllable cargo release and simultaneous
nanocarrier decomposition.[?®! The release of cargo molecules
triggers the nanocarrier decomposition, which starts from the
center of MSNs, results in its complete fragmentation, and even-
tually eases to eliminate via renal systems (Figure 1B). Shi group
creatively designed polyethylene glycol (PEG)-modified man-
ganese (Mn)-doped hollow MSNs (Mn-HMSNis) to fast promote
the biodegradation and theranostic functions of Mn-HMSNs un-
der mild acidic conditions, further accelerating the breaking of
Si—-O-Si bonds (Figure 1C).'% The fast biodegradation of this
nanovehicle accelerated cargo release and enhanced T1-weighted
magnetic resonance imaging of bone tumor. This strategy pro-
vides a novel and simple “metal ion-doping” avenue to open up
a door for on-demand biodegradation of cargo nanocarriers.

2.2. Mesoporous Hydroxyapatite Nanoparticles (mHAP)

Hydroxyapatite (Ca,y(PO,)s(OH),, HAP), a dominant position
in the inorganic matrix of natural bone, has aroused essential
attention over other carriers in large bone regeneration owing
to its unique merits such as biocompatible, nontoxic, bioactiv-
ity, noninflammatory, and mechanical capacities.*! As a bioac-
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tive ceramic, HAP with a similar mineral component of bone
shows excellent biocompatibility, bioactivity, osteoconductivity,
and osteoinductivity.3®) mHAP plays an irreplaceable role in bone
tissue engineering owing to the hierarchical porous architecture
and high surface area. Moreover, it can be a potential drug de-
livery nanosystem for loading proteins and prolonging their re-
lease by desorption and migration via the mesopores.?!l Up to
now, great efforts have been paid to improve the cargo loading
capacity by modifying many organic groups (e.g., carboxylic acid,
sulfonic acid) on the surface of mHAP.32!

2.3. Mesoporous Calcium Phosphate Nanoparticles (mCaPs)

CaPs, as potential inorganic nonmetal biomaterial, mainly ex-
ist in nature and vertebrate bones. It plays an essential role in
bone regeneration because it could enhance osteoinduction and
osteopontin synthesis.3l mCaPs are regarded as a promising
nanovehicle for cargo delivery and bone regeneration owing to
their unique bioactivity as well as a similar inorganic matrix of
bone tissue. Some biomolecules (e.g., nucleic acids) with high
biocompatibility were introduced to the synthesis of mCaPs to
tune their surface and structure parameter.l’! In the synthesis of
mCaPs, some biomolecules can not only supply the phosphorus
source but also hinder disordered growth via chelating with cal-
cium ions.

2.4. Mesoporous Bioactive Glass Nanoparticles (mBGs)

Among these bioactive inorganic materials, bioactive glass
nanoparticles have exhibited extensive potential in bone tissue
engineering owing to their merits of distinct structure and
composition, as well as bonding directly with bone tissue via
an apatitephase.?* mBGs as biocement were regarded as a
sign of osteoinductivity along with excellent osteoconduction
and bone matrix formation as a comparison with the conven-
tional calcium phosphate cement.!**! Biodegradable mBGs have
possessed wide applicability for cargo delivery and bone tissue
regeneration.3*3¢] Tailoring bioactive inorganic materials into
the mesoporous structure can significantly improve theirs in
vitro bioactivity.l’”] For example, the existence of mesopores in
the BG matrix greatly accelerates the deposition rate of apatite,
as demonstrated by Zhao et al.’®] More efforts have been paid
to design diverse functionalized mBG-based nanocomposites
to stimulate angiogenesis, which include the manipulation
of angiogenic growth factors, as well as mimicking hypoxic
conditions.[®3%] Most interestingly, the synergism of mBGs and
controllable amount of mineral elements (e.g., Cu, Sr, Mg) has
been recognized as an effective approach to impart antibacterial
activity and stimulation of osteogenesis.[*’]

3. MNs as Typical Cargo Sustained Release
Systems

MNs have exhibited extensive potential in cargo sustained re-
lease systems owing to their unique advantages of large surface
area, large pore volume for high cargo capability, easy functional
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stration of the modular features of MSN's and silsesquioxane-based delivery platforms. Reproduced with permission.[2¢] Copy-
ier decomposition and degraded amount of MSNs-drug composites. Reproduced with permission.[28] Copyright 2013, Amer-

ican Chemical Society. C) Scheme of the biodegradation process and drug release profiles of DOX-PEG/Mn-HMSNs. Reproduced with permission.[1%]
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surface, and tunable pore size.*!l In 2001, mesoporous silica
nanoparticles (e.g., MCM-41) were successfully synthesized via
using cationic surfactant (C,;TAB and C,,TAB) as a template and
firstacted as a drug storage and release system.[*?] In recent years,
many methods have been designed to fabricate functional MNs
to further increase the loading capacity of cargo and the sustained
release period.[**] The applications of MNs for cargo delivery and
controlled release in bone disease treatment are summarized in
Table 1.

3.1. Growth Factors for Osteogenic or Angiogenic Differentiation

The bone formation and remodeling process can be tuned by
growth factors, local production of cytokines, as well as the sys-

temic hormones.*Y Most of the recent studies have direct in-

corporation or the surface functionalization with growth factors
such as bone morphogenetic proteins (BMPs, such as BMP-

2, BMP-6, BMP-7, and BMP-9),l*] vascular endothelial growth
factor,*] transforming growth factor g (TGF-p), insulin-like
growth factor, as well as platelet-derived growth factor into MNs
to stimulate the osteogenic and angiogenic differentiation of
stem cells, further promoting bone regeneration. Especially, re-
combinant human BMP-2 has been proved as extremely effec-
tive and the most potent osteoinductive growth factors in in-
ducing new bone formation in vivo.*’l However, the treatment
of BMP-2 may cause some adverse effects, such as immuno-
logical reaction and short half-life. By introducing the BMP-2
gene/peptide into MN, it enables continuous expression of BMP-
2.1481 Based on this, the He and his co-workers report a novel func-
tionalized dexamethasone (DEX)-loaded MCM-41-type MSNs via
a surfactant-based method by covalent conjugation of BMP-2
peptide and aminated MSNs to construct osteogenic nanocarri-
ers (DEX@MSNs-pep) (Figure 2A).1*% This nanocarrier syner-
gistically promoted the osteogenic differentiation of bone mar-
row mesenchymal stem cells (BM SCs) in vitro, showing potential
applications in bone tissue engineering.

Inspired by synergistic bioactivity of dual factors, synthesized
polycation (polylysine-modified polyethyleneimine copolymer,
PEI-PLL-25k) and arginine-glycine-aspartate (RGD) peptide-
functionalized MSNs were successfully fabricated by He and
co-workers to construct a novel osteogenic nanocarrier, which
effectively realizes the dual-delivery of plasmid DNA (BMP-2
gene) and DEX (Figure 2B).*! This nanocarrier provides a
novel avenue for codelivery of osteogenic gene and drugs to
synergistically enhance the osteogenesis of BMSCs.

Recently, great attentions have been paid to develop drug
delivery nanosystem with collaborative appropriate osteoim-
munomodulation and osteoinductive environment that is ben-
eficial for osteogenesis.®®) Ye and co-workers constructed a
BMP-2-loaded deliver nanovehicles using mSiO, rods with large
cone-shaped mesopores as carriers for bone regeneration (Fig-
ure 2C).5Y The unique cone-shaped mesopores could effectively
reduce the pro-inflammatory reaction of macrophages, further
improve osteogenesis of BMSCs in vivo. Liu et al. design a multi-
biologic delivery nanosystem to in situ release IL-2/TGF-8 and
miR-10a to locally recruit T cells and induce their differentiation
into Tregs, providing potential opportunities for future bone im-
mune and regenerative therapies (Figure 2D).>]
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3.2. Trace Elements for Regulating Bone Metabolism

Besides bisphosphonate compounds, a multitude of trace el-
ements, such as zinc (Zn),”>! copper (Cu),[“*** iron (Fe),l>]
magnesium (Mg),%°! strontium (St),[1%4%240] gold (Au),l°”] silica
(Si),*®] manganese (Mn), europium (Eu),”” and gadolinium
(Gd),!"] have important effects on regulating bone metabolism
in the process of bone mineral, which was also widely introduced
to the materials with osteoinductive potential to substitute either
phosphate or calcium in the crystal lattice.[®”) In 1970, Carlisle
reported that the Si element might have a significant influence
on the initiation of preosseous tissue mineralization.!'®! Inspired
by this, Wu and co-workers[*®! synthesized a biodegradable and
drug-loaded MSNs, which could not only effectively release Si
ions but also deliver functional hypoxia inducing therapeutic
drug (e.g., dimethyloxaloylglycine) to induce the osteogenic dif-
ferentiation and angiogenesis of hBMSCs. Additionally, previous
reports demonstrated that some therapeutic ions, such as Srion,
Mg ion, Zn ion, and Cu ion, play a crucial role in inducing the
osteogenic and angiogenic differentiation of stem cells.[®] In-
spired by the idea that trace elements regulate bone metabolism,
He’s group synthesized a series of novel trace elements-doped
mHAP microspheres with drug delivery ability and enhanced
bone regeneration through a microwave-hydrothermal method.
For example, they reported a hypoxia-mimicking Cu-doped
mHAP microspheres using Doxorubicin (DOX) as a model
drug.[%2l Accumulating evidence shows that mBGs with dif-
ferent therapeutic ions have attracted extensive interest in
bone regeneration owing to their various merits such as fa-
vorable effects on stimulating osteogenesis/angiogenesis and
excellent antibacterial ability. A Cu-modified binary SiO,-CaO
mBG was designed via a one-pot ultrasound-assisted sol-gel
method for remarkable bioactive behavior and antibacterial
effect.[* Similarly, a novel biomimetic DOX-loaded Zn-doped
mHAP microspheres scaffold was synthesized, improving the
osteoinductive potential and drug delivery.>3! Yu and co-workers
reported novel Sr-doped amorphous mCaP nanoparticles (St-
mCaPs) using vancomycin as antibiotics.!%) The Sr-mCaPs
using fructose 1,6-bisphosphate as organic phosphorus source
display a more effective antibacterial capability than the pure
mHAP nanorods using Na,HPO,-12H,O. Moreover, in order
to prove the importance of Sr incorporation in enhancing bone
regeneration, this work further introduced Sr-mCaPs into col-
lagen (Coll) through a freeze-drying method to obtain a novel
mimic scaffold. Results show that the tissue-engineer scaffold
significantly enhanced new bone formation in vivo at 8 weeks
postimplantation as compared to without Sr-doping. Wu and
co-workers reported hypoxia-inducing Cu-doped MSNs for Cu
and Si ions dual-delivery, endowing MSNs osteoimmunomod-
ulatory properties.>* Interestingly, they successfully fabricated
an immune-modulating osteogenesis and angiogenesis agent
based on in situ Eu-doped MSNs (Figure 3A).)) Compared
with pure MSNs, the Eu/Au-doped agent effectively upregulates
the secretion of the proinflammatory/osteogenic cytokines
and further activates the osteogenic/angiogenic differentiation,
inducing favorable immune response of macrophages.’’! Qin’s
group reported Mg and vitamin C supplementation for pre-
venting steroid-associated osteonecrosis in rats.[’! Collectively,
the strategy of co-delivery both stimulatory ions and functional
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cargo provides a novel avenue to design a multifunctional cargo
delivery system for bone regeneration or osteoinflammation.

3.3. Enzyme/Gene Delivery for Suppressing Pathogenic Gene
Expressions

Poly(lactic-co-glycolic acid) (PLGA)/MSNs organic—inorganic
hybrid MNs were prepared by Tasciottis group for the dual-
delivery of bovine serum albumin (BSA) and the multiple
porous silicon particles within the PLGA matrix.[] The released
Si ion could neutralize the acidic pH because of the PLGA
degradation by-products,l® and decelerate the degradation of
BSA.[%] Thus, this nanocarrier significantly reduces inflam-
mation and modulates bone biomineralization in bone tissue
engineering.

Gene therapeutics (e.g., si-RNA, DNA) play an essential role
in inhibiting pathogenic gene expressions.[®®) Amino-silanes and
polycation polymers (e.g., Poly-L-lysine, PLL) are commonly uti-
lized for chemical agents to provide polycations on the surfaces of
MSNss via electrostatic interactions.[®’] In the early 2000s, Kneuer
et al. first developed amino-modified MSNs nanovehicle for gene
delivery and protecting plasmid DNA.[%®] Indeed, previous stud-
ies have proved that large pore MSNs were more effective gene
delivery nanovehicles than those with a small pore.l®! Qiao and
co-workers designed a novel PLL-modified MSNs with a large cu-
bic mesostructured pore of ~11.8 nm for gene delivery by dual
templates (F127 and FC-4) methods.l”%! After modification with
PLL, a sufficient binding affinity, and strong delivery of MSNs

Adv. Sci. 2021, 8, 2004586

for negatively charged nucleic acids (oligo-DNA-Cy3) was ob-
served in osteosarcoma cancer cells as a comparison with pure
and amino-functionalized MSNs.

The introduction of external hyaluronic acid (HA) has been
regarded as a typical strategy for the treatment of OA, but still
meets some obstacles such as lasted for short time and required
multiple injections. As a consequence, to promote the secretion
of endogenous HA with a high molecular weight in joints HA, a
novel one-shot therapy strategy was necessary for the treatment
of OA. It meets a challenge to improve the level of hyaluronan
synthase type 2 (HAS2), the mainly generated enzyme of en-
dogenous HA with high molecular weight inside synoviocytes.
Based on this, Long and co-workers!’!! first developed biodegrad-
able MSNs with a core-cone structure for the efficient intracel-
lular delivery pathway of HAS2 in vitro and in vivo (Figure 3B).
Notably, this nanoplatform significantly increased the yield of en-
dogenous HA and effectively relieves the synovial inflammation,
further providing an alternative and convenient approach for OA
management.

3.4. Superlubricated Drugs for Inhibiting OA

As for the treatment of OA, synergetic therapy combining both
lubrication and anti-inflammatory drug intervention has been
regarded as a promising nonsurgical strategy.’?! In this regard,
more efforts should be paid to design a facile strategy to con-
struct superlubricated drug (e.g., polyelectrolyte polymer)-loaded
MSNs based on hydration lubrication mechanism without

2004586 (7 of 26) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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introducing toxic catalysts.”*] Yan and co-workers fabricated a
facile superlubricated drug-loaded MSNs through a low-toxic
photopolymerization method (Figure 3C).’# By the introduc-
tion of polyelectrolyte polymer, poly(3-sulfopropyl methacrylate
potassium salt) (PSPMK) on the surface of MSNs-NH,, en-
dows nanocarrier (MSNs-NH, @PSPMK) synergetic capability
of enhanced lubrication because of the tenacious hydration
layers formation surrounding the negative charges and effec-
tive controlled drug delivery and in turn, the encapsulation of
anti-inflammatory drug (diclofenac sodium) improved its lubri-
cation effects. Collectively, the above nanoplatform significantly

Adv. Sci. 2021, 8, 2004586

protects the chondrocytes from degeneration, and thus, inhibits
further growth of OA both in vitro and in vivo.

From the viewpoint of two interventions for OA in clini-
cal, intra-articular injection of HA cannot biomimic the hydra-
tion lubrication mechanism, and the oral administration of anti-
inflammatory drugs (e.g., glucosamine) is extremely hard to get
to the joint without enough blood vessels. Hence, it was of vi-
tal importance to create therapeutic strategies to synergetically
enhance lubrication and sustained drug delivery.”27’] Inspired
by this, Zhang and co-workers synthesized biomimetic superlu-
bricated drug delivery nanovehicles via photopolymerization of

2004586 (8 of 26) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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poly(2-methacryloyloxyethyl phosphorylcholine) brush with the
same zwitterionic charges on the surface of MSNs-NH, micro-
spheres (Figure 3D).” This nanosystem significantly improved
lubrication ability and enabled drug sustained release, retarded
the degradation of oxidative stress-induced chondrocytes, and de-
creased the expression of the pain-related gene, and thus inhib-
ited the development of OA. Collectively, the superlubricity intra-
articularly injected drug-loaded nanosystem opened up more
possibilities for the treatment of OA.

4. Stimuli-Responsive MNs as Drug Controlled
Release Systems

In the nonspecific bone-targeting drug delivery system, there
are mainly physicochemical targeted delivery systems and pas-
sive targeted delivery systems. A passive targeted delivery system
refers to the uptake and delivery of drug-loaded nanocarriers into
the bone by the monocyte-macrophage system. It can make use of
high permeability and retention (EPR) effects in tumor tissue to
enable drug selective accumulation.l””] The physicochemical tar-
geted delivery system was strongly dependent on the tumor mi-
croenvironment, which are often featured with the weakly acidic
conditions, vascular abnormalities, hypoxia, glucose deprivation,
high lactate content, and local hyperthermia in bone tumor and
inflammatory tissues.[’”®! The features of tumor microenviron-
ment are not conducive to bone tumor treatment because it could
effectively promote the immunosuppression by some bone tu-
mor cells such as M2 tumor-associated macrophages, myeloid-
derived suppressor cells.””] Hence, Tumor microenvironment
plays a crucial role in the design of therapeutic nanocarriers.!®]

The stimuli-responsive MNs have received widespread atten-
tion in nonspecific bone-targeting drug sustained and controlled
delivery system based on special one or more stimulation respon-
siveness in vitro or in vivo, such as physical (i.e., light, ultrasound,
magnetism, heat), chemical (e.g., pH, redox potential), and bio-
logical (i.e., specific proteins, nucleic acids, and biomolecules)
stimulation. The unique stimulation enables the structure of
loaded cargo, the affinity with target sites, the solubility, and inter-
action force of cargo or modifier molecular change, to avoid pre-
mature drug release, improving the drug release efficiency of the
target site, and reducing adverse drug reactions. The construc-
tion of stimulus-responsive drug delivery nanosystem can be di-
vided into two types: one is that the MNs carrier inherently has
stimulus-response properties; the other is those based on modi-
fying the surface of MNs carrier with stimulus-responsive groups
or molecules. Thus, in this review, the design, principle, and con-
struction of stimulus-responsive nanodrug delivery system based
on MNss as the carrier for bone regeneration are summarized ac-
cording to the response factors (e.g., pH, light, temperature, ul-
trasound, enzyme, and redox).

4.1. pH Response
The pH value of tumor site and inflammatory tissue, especially
in centrosomes and lysosomes in bone-related cells is generally

low, even reached about 6 or lower.[®!l The change of pH value
can trigger the cargo release from MNs. When the pH reaches a
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certain critical value, the type and quantity of the charge of the
specific molecules on the carriers and the electrostatic force be-
tween them can alter. Furthermore, the expansions or detentions
of pH-sensitive MNs materials are very critical for dispersing or
gathering them. The pH-responsive functionalized MNs acted as
nanodrug delivery systems possess intriguing advantages in con-
trollable movement and penetration of cargo molecules. Great
efforts have been paid to regulating the capping and uncap-
ping of pH-responsive MNs through searching for suitable end-
capping agents, including pH-sensitive linkers, supramolecular
nanovalves, polyelectrolytes, or acid-decomposable nanoobjects
(e.g., ZnO quantum dots, QDs).[8?!

Recent findings of the bone biomineralization mechanisms
enable the molecular biomimetics of functional organic—
inorganic hybrid nanocomposites. Qu et al. designed a natural
hybrid capped MSNs by electrostatically absorbed polyanionic
HA for the CaP deposition of heterogenous nucleation and re-
sponse to pH-stimulus (Figure 4A).%3] The attachment of HA
layer on CaP surfaces enhanced the colloidal stability of nanove-
hicle and endows bone tumor cell with targeting capability. Af-
ter receptor-mediated endocytosis, the nanovehicle enables sus-
tained release of anticancer drugs under acidic subcellular con-
ditions (Figure 4B). Collectively, this strategy opens up a door for
the biomineralization-guided nanostructure self-assembly.

Luminescent ZnO QDs have attracted increasing attention in
pH-triggered cargo release applications owing to the diverse mer-
its of inexpensive, acid decomposability (pH <5.5), easy prepa-
ration, and excellent cytotoxic effects at target tumor sites. To
inhibit the cationic premature drug (DOX) release, Zhu and
co-workers designed a facile method to construct a facile acid-
decomposable, DOX-loaded luminescent ZnO QDs to cap MSNs
with a diameter of 2.1 nm mesoporous nanochannels (Fig-
ure 4C).182] Notably, the ZnO QD lids (3-4 nm diameter) can
be effectively dissolved in the acidic intracellular field of bone
tumor cells, leading to the cargo release from the mesoporous
channels of MSNs into the cytosol. Given the dual effection of
blocking the end of ZnO QDs on MSNs and synergistic antitu-
mor ability under acidic conditions, the ZnO@MSNs-DOX com-
posites provided a potential strategy toward the development of
pH-responsive anticancer cargo delivery that minimizes the drug
toxicity.

To strengthen this synergistic osteoinductive effect and con-
trolled dual-delivery of a small drug, such as DEX and osteogenic
protein (e.g., BMP-2), a pH-responsive chitosan-functionalized
MSN ensemble was synthesized by Liu’s group (Figure 4D).[84]
This nanocarrier can quickly release bioactive BMP-2 and then be
efficiently endocytosed, and further enable controlled release of
DEX in a weakly acidic condition in cells. Together, this nanoplat-
form significantly induces osteoblast differentiation, providing
an effective strategy for clinical application feasibility by main-
taining the bioactivity and optimizing dual cargo release mode.

OA, as a common inflammatory bone disease, featured with
acidic environment and inflammation.[®] Celastrol is an effec-
tive anti-inflammatory and antioxidant drug as a possible treat-
ment for OA. However, the low bioavailability and poor solubil-
ity make the clinical application of celastrol limited. Based on
this, Jin et al. designed a highly soluble pH-responsive nanosys-
tem using hollow MSNs as nanocarrier to load celastrol and chi-
tosan as protective outer layer for OA intra-articular injection

2004586 (9 OfZG) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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treatment.®) It is well known that the inflammation of bone
tissue caused by pathogen exposure can induce excessive os-
teoclasts formation.®”] Therefore, osteoclasts can be an effec-
tive target for cargo development against lytic bone diseases.
Interestingly, some researches have revealed that isoliquiriti-
genin (2',4',4-trithydroxychalcone, ISL), one of the flavonoids,
can significantly inhibit osteoclastogenesis and modulate bone
homeostasis.[®® Despite this, ISL is still not enough for biomed-
ical and clinical applications owing to its short elimination half-
life, poor solubility, and bioavailability. Peng and co-workers
for the first time developed licorice-derived bioactive ISL-loaded
MSNs (MSNs-ISL) as potential nanocarriers with good Dbio-
compatibility for preventing osteoclast-mediated bone resorp-
tion (Figure 4E).[*%) The ISL release system favorably allows pH-
sensitive sustained drug release up to 60 h, and the cumulative
release rate is higher (42.02% + 1.63%) at pH 5.5 than that at pH
7.4. Moreover, MSNs-ISL notably inhibited nuclear factor-x B lig-
and (RANKL)-induced osteoclast formation in vitro, attenuated
osteoclast activity, and protected against inflammatory bone de-
struction in vivo, which involves suppression of osteoclastoge-
netic expression as compared with pure ISL and MSNs.

Adenosine displays high influence on bone metabolism and
osteogenic differentiation of BMSCs, providing a potential pos-
sibility for multiple myeloma-associated bone disease treatment
and prevention.®®! Inspired by this, Tan and co-workers de-
veloped a novel calcium phosphate-phosphorylated adenosine
(CPPA) MNs with a porous and hollow nanostructure.’!) The
DOX-encapsulated CPPA delivery system shows high drug en-
capsulation efficiency (42.3%). The released rates of DOX and
Ca, P ions are faster and the cumulative release amounts are
higher from CPPA/DOX in a weak acid solution of solid tumors
as compared to that in normal bone tissue (Figure 5A).°?] Fur-
thermore, the pH-responsive CPPA hybrid MNs display signifi-
cant effects on stimulating osteogenic differentiation of LBBM SCs,
opening up the door for potential application in osteosarcoma
(Figure 5B).[%

Vallet-Regi’s group has successfully fabricated a series of MNs
with self-immolation polymers (SIP) as novel pH-responsive
gatekeepers for drug delivery.®*) Among them, two mesoporous
carbon nanoparticles (C1Sph-SIP) that acted as drug nanocar-
riers were prepared via a nanocasting procedure and func-
tionalized with a self-immolating polyurethane bearing a tert-
butyloxycarbonyl moiety as end-cap sensitive to changes in
pH (Figure 5C).°) The pH-responsiveness of the C1Sph-SIP
nanoparticles show that the model cargo (e.g., Ru dye) release
takes place inside the bone tumor cell and a chemotherapeu-
tic drug such as DOX release could trigger growth inhibition
of human osteosarcoma cells (Figure 5D). Additionally, the hy-
brid C1Sph-SIP nanovehicles show a rapid pH-responsiveness
to short-term triggering within acidic conditions in vivo after
72 h. Herein, the integrity and suitability of the nanosystem
was regarded as biocompatible and efficient smart cargo delivery
nanocarriers. Polyacrylic acid (PAA), a pH-sensitive polymer, has
been skillfully utilized as a pore-blocking agent of MSNs owing
to its diverse merits of biocompatibility, the abundance of car-
boxylic groups prone to be functionalized, and easy to anchor to
the surface of MSNs through an acid-cleavable acetal linker.[*!
The plant lectin concanavalin A (ConA), a targeting ligand, can
selectively recognize and internalize certain cell-surface glycans
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to increase the selectivity of the nanocarrier toward bone tumor
cells.’l Herein, Vallet-Regi and co-workers developed a novel
multifunctional DOX-loaded MSNs system utilized as an antios-
teosarcoma nanosystem for the assembly of pH-sensitive PAA
capping layer grafted to MSNs and a targeting ConA grafted to
PAA (Figure 5E).””] Compared with healthy preosteoblast cells
(MC3T3-E1), this nanocarrier significantly minimizes prema-
ture cargo release, and shows a higher internalization level into
human osteosarcoma cells. This nanoplatform coordinately im-
proves antitumor efficiency and reduces toxicity to normal cells,
providing a novel pathway for targeted bone tumor therapy.

4.2. Photoresponse

The transferred energy of the photo as an electromagnetic wave
to the irradiated object enables the chemical bonds, polarity, con-
figuration, and the structure of chemical groups to change, thus
triggering cargo release or ligand shielding. In 2006, Mayer and
Heckel proposed a design concept of “optical switch,” namely,
the photolysis reaction occurs to remove the photosensitive pro-
tection group on the surface of materials utilized for masking the
target molecule (activation) after the photo-sensitive molecule ab-
sorbed a certain wavelength of photons, exposed, and restored the
original activity of the target molecule, to realize the purpose of
photoresponsive cargo release.*®!

Phototherapies, such as photothermal therapy (PTT) and
photodynamic therapy (PDT), have aroused great attention in
bone tumor treatment owing to their high efficacy and negligible
photoreactivity and toxicity.[*”) Treatment of bone tumors not
only need to eliminate the residual bone tumor cells but also
promote bone tissue regeneration. However, the penetration
depth of near-infrared (NIR) light restricted his application in
deep tumorous bone defects.['%) Chlorin e6 (Ce6), a second-
generation photosensitizer, possessed wide applicability for PDT
due to its high chemical stability, high singlet oxygen (10,)
quantum yield, and neglectable dark toxicity.'%!l Great attention
has been paid to the incorporation of PTT and Ce6 for treating
tumorous bone defects, particularly in deeper tumors. Based on
this, Wu’s group successfully designed an NIR light-triggered
intelligent Mn-doped Ce6-loaded mesoporous bioactive glass
(Mn-MBG/Ce6) nanocontainer with high specific surface area
via evaporation-induced self-assembly method for bone tumors
treatment, especially for the deeper region.l'®?! The incorpora-
tion of Mn into MBG not only imparted good PTT performance
but also maintained well-ordered mesopores. Interestingly, after
loading Ce6 into the mesoporous channel of Mn-MBG, this
nanocarrier induced the NIR light-triggered pulse release of
Ce6 by a mild hyperthermia therapy, further enhancing the
intracellular uptake of Ce6 by bone tumor cells. Interestingly, the
controlled release of bioactive ions could accelerate bone regener-
ation initiated by NIR light. More importantly, even after a short
term of synergistic PDT and PTT, the above-mentioned nanocar-
riers still exhibited excellent biocompatibility and could promote
long-term osteanagenesis, especially in a deeper bone tumor.
For effective combination of PDT and chemotherapy based on
tumor-associated reactive oxygen species (ROS) for osteosar-
coma, Tu and co-workers developed a multifunctional drug-
loaded nanoplatform based on MSNs-modified bone-targeting
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biphosphate moiety (Figure 6A).[1%] This nanovehicle displays
significant accumulation in osteosarcoma and long-term reten-
tion in bone tumor sites. The release of DOXY accelerates the
generation of ROS, and enables DOX/DOXY sustained release.
The ROS amplification triggers long-term high oxidative stress
and increases the sensitivity toward osteosarcoma via chemother-
apy, leading to enhance inhibition and apoptosis of bone
tumor cells.

In addition to introducing photosensitizer into PTT for deep
bone tumors, PDT combined with tunable multifunctional ca-
pacities of magnetic resonant imaging (MRI) and optical imag-
ing (OI) has aroused great attention in a deeper tumorous bone
application. TiO, is one of the most efficient nanoplatforms for
forming ROS photogeneration, whereas not suited for imag-
ing because of its very faint fluorescence for OI and without
magnetic.[1% To overcome these drawbacks, many efforts have
been devoted to explore diverse mTiO, nanoparticles doped with
rare-earth elements such as Gd as luminescent nanomaterials for
optical imaging probes in medicine.'®! To improve photolumi-
nescence performance, and enhance spin relaxation of MRI and
photogeneration capacity of ROS, Iglic and co-workers fabricated
anovel Gd-doped mTiO, sub-microspheres with the mesoporous
channel.l'”! ROS was generated only after photoactivation and
a fully anticancer trace system for MRI was obtained just after
3 min irradiation-incorporated PDT with OI-MRI with the bio-
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compatible TiO, @10%Gd microspheres, thus paves the way to
the simultaneous tumor bone cells imaging and treatment.

Upconversion nanoparticles (UCNPs) have received unprece-
dented attention in monitoring cargo release and PDT owing
to their merits of emitting visible and NIR light when excited
with NIR light, good photostability, deep penetration, negligible
photodamage, and low autofluorescence.!'%! Many efforts have
been devoted to introduce UCNPs (e.g., NaYF,:Yb/Er) with en-
hanced red emission output into biocompatible MNs to improve
deeper penetration ability and monitor drug release in bone tu-
mor imaging applications.'”] In terms of the effect of UCNPs
in optical imaging, Chang and co-workers designed a multifunc-
tional core—shell (UCNPs@SiO, @mSiO,/Ca) MBG/UCNP MNs
through a layer-by-layer strategy for delivering anticancer drugs
(e.g., zinc phthalocyanine), monitoring cargo release, and stimu-
lating osteogenic differentiation of BMSCs (Figure 6B).['%] Inter-
estingly, the red luminescence could be extremely quenched by
phthalocyanine on account of the overlaps among the maximum
absorbance of the two. The incorporation of Ca?* into the MNs
could induce phase transformation and facilitated the red emis-
sion, improving fluorescence penetration for deeper bone tumor-
ous imaging. Moreover, it also significantly stimulated apatite
mineralization, enhanced proliferation, and bone-related gene
expression of BMSCs. Overall, this nanoplatform provides a new
possibility for the therapy of malignant bone tumors.
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Among NIR-triggered nanoparticles, low-cost bismuth-doped
nanoparticles (e.g., Bi,S; nanorods,'®! Cu,;BiS, nanodots,"’
and hexahedron Cu,BiS; nanoparticles!!!!l) are of great interest
owing to their outstanding absorbance in the NIR region.['2] Be-
sides, bismuth-doped nanoplatforms are expected to be served
as novel X-ray computed tomography (CT) contrast agents for
multifunctional CT imaging and PTT theranostic because of
their high atomic number."®! It is urgently needed to explore
whether the PTT-chemotherapy can alter the antiapoptotic Bcl-2
protein-dependent mitochondrial apoptosis pathway in a malig-
nant tumor.['**! Fabricated for the first time mesoporous silica-
coated bismuth sulfide MNs (RGD-Bi,S; @MSN) with uniform
and discrete spherical morphology for malignant tumor diagno-
sis and the combined PTT-chemotherapy (Figure 6C).'">] The
DOX-loaded NPs exhibited an ultrahigh drug encapsulation ef-
ficiency (99.85%), strongly NIR-triggered drug release, and dis-
tinct CT contrast imaging at the tumor site. After covalently con-
jugated to arginine-glycine-aspartic acid (RGD) peptide, the coor-
dination of NPs and NIR irradiation ablates efficiently malignant
osteosarcoma and prevents its recurrence (Figure 6D). Collec-
tively, these above-mentioned MNs provided a novel opportunity
for the diagnosis of malignant bone tumor and the synergistic
PTT-chemotherapy.

4.3. Ultrasound Response

Sonodynamic therapy (SDT) has aroused great interest in the
treatment of deep-seated solid bone tumors owing to its inte-
grated merits of noninvasive, high physical tolerance, and high
body penetration depth, which enables ultrasound to trigger
sonosensitizers for excess ROS generation!!'®l and consequent
oxidative cell damage.'V’] In this sense, Vallet-Regi’s group
developed a series of polymer-grafted MSNs that acted as
ultrasound-responsive cargo carriers for bone tumor therapy./'8]
However, the cell uptake ability of MNs generally enhanced by
employing positively charged moieties or internalization ligands
(e.g., targeting agents) on MNs.'"] Given this, they further
developed a novel smart hierarchical ultrasound-responsive
positively charged MSN nanoplatforms capable of undergoing
detachment of the PEG layer through an ultrasound-induced
temperature increase for bone tumor therapy (Figure 7A).[2]
The ultrasound-promoted nanoplatforms with positively charged
surfaces drastically enhancing the cellular uptake and cytotoxic
effect of topotecan-loaded MNs in human osteosarcoma cells.
Collectively, the functional MSNs can be triggered by remote
ultrasound-stimuli for cargo delivery and potential bone tumor
therapy.

Besides, the efficacy of SDT can be limited by bone tumors
hypoxia. Inspired by this, Hao and co-workers developed an
ultrasound-triggered nanoplatform by incorporating ferrate(VI)
and protoporphyrin IX into lauric acid-assembled biodegradable
hollow mesoporous organosilica nanocarriers (Figure 7B).[12!
The hyperthermia caused by US can induce the phase change
of lauric acid, achieving US-responsive control over the simul-
taneous release of oxygen and ROS, and in situ GSH depletion,
which has a synergetic effect on sensitizing SDT to osteosarcoma.
Hence, this nanosystem provides a novel avenue for potential ap-
plication in hypoxic osteosarcoma treatment.
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4.4. Other Responses

Shi and co-workers developed a temperature-responsive nanosys-
tem based on simvastatin-loaded mHAP modified by poly(N-
isopropylacrylamide) (PNIPAAM) for sustained osteogenic drug
release and promoting cell attachment (Figure 8A).*12 This
nanovector shows almost sevenfold cumulative amount of
simvastatin release, as well as better BMSCs proliferation
and the osteogenic differentiation as compared with pure
mHAP (Figure 8B,C). Besides, a magnetic-responsive bone-
targeting nanovehicle based on ferrofluid-containing iron-
oxide/silica/carbon nanoparticles (earth-like particles) was suc-
cessfully fabricated for brain and bone tumor-targeting therapy
though containing magnetic hyperthermia.l'??!

Inspired by specific functional growth factors in different
growth stages, Wei and co-workers developed a sequentially trig-
gered, alginate hybrid nanoplatform based on MSNs containing
a laden bone-forming peptide-1 (BFP-1) and the RGD sequence
for inducing the differentiation of hMSCs (Figure 8D,E).'?3]
BFP-1 can be self-captured via the cross-linked networks be-
tween cell and peptide, which was induced by the ligands
(RGD) binding to receptors on bone tumor cell, resulting in
subsequent long-term bone stimulation of hMSCs (Figure 8F).
Collectively, this nanoplatform provided a time-responsive dual-
peptide delivery strategy for osteo-differentiation in bone tissue
regeneration.

4.5. Multistimuli Response

Core@shell magnetic mesoporous silica microspheres have
played an essential role in applications of cargo delivery and
osteocarcinoma cell imaging owing to the combined merits of
superparamagnetic iron oxide core and mSiO, shell.[?!) Lee et al.
constructed an ultrasound, pH, and magnetically multistimuli
responsive crown-ether-coated core/shell silica microspheres
(Fe;O0,@Si0, @mSiO, @crown ethers) as drug release systems
(Figure 9A).[124 The integrated multistimuli responsive systems
of PTT and siRNA display a significant influence on bone
tumor treatment, whereas remains a great challenge for the
integration and codelivery of gene payloads and PTT conversion
agents.['?] Based on the robust wet adhesion of marine mussels,
Wang et al. developed a calcium phosphate (CaP)-coated tertiary
amines-modified hybrid mPDA nanosystem with a high siRNA
loading capacity of 10 wt% and PTT conversion efficiency of 37%
(Figure 9B).1"2) The successful construction of CaP coating on
the cationic surface of mPDA via biomineralization not only pro-
hibits the premature release of siRNA, yet underwent biodegra-
dation at low pH value subcellular conditions. Compared with
monotherapy, higher therapeutic efficiencies were demonstrated
after combined with the efficient knocking down (65%) of the
inhibitor of apoptosis protein (e.g., survivin) and PTT ablation.
This nanoplatform smartly opened a novel door toward the
utilization of bioadhesive surfaces and biomineralization coat-
ing for overcoming the bottlenecks of combined photothermal
and gene therapy in a facile and simple process. Lei and co-
workers successfully developed a multifunctional biodegradable
antibacterial nanosystem based on bioactive monodispersed
bioactive glass nanoparticle (BGs) coated with mussel-inspired
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mPDA for enhancing bone tissue regeneration and tumor tional nanoplatform opened up a door for bone tumor-resulted
PTT-chemotherapy (Figure 9C).'2°] After encapsulated DOX, bone tissue regeneration therapeutic strategies.

this nanosystem shows an on-demand pH/NIR-triggered cargo

sustained release and anti})acteria% ability for enha.nce?d bone 5 MNs for Speciﬁc Bone-Targeted Therapy

tumor chemotherapy. Besides, this nanosystem significantly

induced the osteogenesis of osteoblasts in vitro and possessed ~ As compared with passive targeting, specific bone-targeted ther-
excellent bone regeneration in vivo. This bioactive multifunc-  apy could make up for its shortcomings in various conditions
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such as the degree of different blood supply, tumor type, and
anatomic location, especially in the bone tissue with less blood
supply. It can be divided into two categories: one is to target spe-
cific bone-related cells such as osteoclasts, osteoblasts, and BM-
SCs; the other is to target HAP, the inorganic matrix of bone
tissue.l'?””] The majority of bone tumor-targeting treatment is
focused on MNs modified with bisphosphonates, tetracycline,
and bone affinity peptides (e.g., monoclonal antibodies, comple-
ments), polypeptides, nucleic acids as bone targeting group.['?#!

5.1. Bisphosphonate for Inhibiting Bone Resorption

Bisphosphonates, such as etidronate, ibandronate, zoledronate
(ZOL), alendronate (ALN), have been proved to be effective in-
hibitors of bone resorption via high affinity with solid CaP in
bone matrix, for the treatment of bone metabolic diseases, os-
teoporosis in postmenopausal women, Paget’s disease, and ma-
lignant tumors, such as multiple myeloma, malignant hypercal-
cemia, and prostate cancer.!'”] For example, Li et al. reported
ibuprofen-loaded mHAP nanoparticles for drug delivery, which
was fabricated using CTAB as a template and functionalized by
ALN.[?] Compared with pure mHAP, this functionalized mHAP
indeed improved the drug loading or slowed down the release
rate owing to the ionic interaction between -NH;* on the ma-
trix and —COO~ belongs to ibuprofen.['**) Ren et al. fabricated
a traceable and bone-targeted/MRI dual-functional sustained
delivery nanocarrier based on walnut kernel-like gadolinium-
labeled luminescent MSNs anchored by ALN using the soft-
template method for BMSCs homing and enhanced osteogenic
differentiation (Figure 10A).13!] Meanwhile, the nanocarrier ef-
fectively stimulates the differentiation of BMSCs to osteoblast,
and monitors the biodistribution in vivo through MRI ability.

ZOL has been employed as a bone-targeting osteolysis in-
hibitor and bone mineral density enhancer owing to its strong
affinity for bone rather than other tissues. Sun et al. fabricated
a DOX-encapsulated MSN anchored by ZOL for targeting bone
matrix.['*?] This nanocarrier entered into A549 cells to real-
ize effective intracellular DOX release. Moreover, it significantly
decreased bone tumor cell migration in vitro. Furthermore,
Zhang group!'®}! created a ZOL-conjugated nanocarrier using
gold nanorods enclosed inside MSNs (Au@MSNs-ZOL) for si-
multaneous bone-targeting capacity and inhibiting osteoclast dif-
ferentiation (Figure 10D). The combination of Au@MSNs-ZOL
and PTT, triggered by NIR irradiation, inhibited bone tumor
growth, relieving bone resorption in vivo by inducing apoptosis
in bone tumor cells. This coordination of ZOL and PTT toward
nanocarrier opens up a door for breast cancer bone metastasis
treatment.

Previously, a combination of ZOL with plumbagin (5-hydroxy-
2-methyl-1,4-naphthoquinone), has been demonstrated by Tang
group to significantly suppress cancer and synergistically alle-
viates cancer-induced osteoclastogenesis repression.['**] UCNPs
was of great interest due to their unique merits such as deep
light penetration depth, good chemical/photostability as well as
low photodamage to biosubstances.!'*! Interestingly, they fur-
ther developed an UCNPs@MSNs doped with gadolinium(III),
a common clinical contrast agent in T1-MRI, for bone cancer
multimodal synergetic therapy,!13®] whereas the drug burst re-
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lease seriously limits its application. To solve this bottleneck, they
creatively constructed a multifunctional bone-targeting theranos-
tic nanoplatform with an UCNPs@SiO, core, gadolinium(III)-
doped ZOL-anchored MSNs shell, a pH-responsive plumbagin
release, and poly(acrylic acid) (PAA) utilized for capping UC-
NPs in acidic conditions for coordinative diagnosis and treat-
ment of early bone metastasis (Figure 10E).['*”] With the coop-
eration of plumbagin and ZOL, this nanoplatform can accurately
target osteocytes to release plumbagin with pH-responsiveness,
synergistically inhibiting osteocytic RANKL and sclerostin ex-
pression. More importantly, tumorogenesis and osteoclastogen-
esis can both be attenuated. Inspiringly, it reveals that ZOL not
only binds to activated HAP but also effectively targets osteocytes
in vivo to regulate bone formation (Figure 10F). Therefore, this
nanoplatform helps to pave a novel avenue on osteocyte-targeting
therapy for early bone metastasis, expanding the application of
UCNPs to osteoporosis, OA, etc.

5.2. Bone Affinity Peptides for Therapeutic Osteosarcoma Cell
Target

Bone metastasis and chemotherapy resistance are two key ob-
stacles to the complete eradication of osteosarcoma (e.g., breast
cancers, prostate).!!3] Biomarkers on bone metastatic tumor cells
were usually selected to be as therapeutic osteosarcoma cell tar-
gets. Bone metastatic breast cancers can be specifically targeted
by combined with a monoclonal antibody (e.g., trastuzumab)
against human epidermal growth factor receptor-2 (HER2), a pro-
tooncogene overexpressed on up to 30% of breast cancers.'3]
Similarly, bone metastatic prostate cancer cells could be targeted
by binding specific aptamers against prostate-specific membrane
antigen, which is overexpressed on them.l*] CXCR1 is a spe-
cific receptor for IL-8, and in turn, the N-loop sequence of IL-8
is of vital importance to bind to CXCR1, which played an essen-
tial role in bone metastasis and chemotherapy resistance.'*] In-
spired by mimicking the structure of IL-8 to design a CXCR1 tar-
geting peptide for targeting osteosarcoma circulating tumor cell
(CTC), Tang group creatively designed a pH-sensitive cisplatin-
loaded Fe;O, @MSNs linked with PEG-linked CXCR1 and PAA
as a detecting nanosystem, in order to inhibit the IL-8/CXCR1
pathway and enhance the cisplatin sensitivity of CTCs through
MRI and in vivo imaging system (Figure 11).[1*2] This nanosys-
tem can inhibit osteosarcoma growth and pulmonary metastasis.
This study possesses great promise for the clinical application
of CXCR1 as a synergistic therapeutic osteosarcoma target and
cargo delivery nanovector precise.

5.3. Aptamer for Reducing Osteoblast Differentiation by
Inhibiting Specific Signaling Pathway

The C-terminal fragment of parathyroid hormone-related pro-
tein (107—111) (osteostatin) has been regarded as an effective os-
teoclast inhibitor in osteoporosis.l'*}] Silencing SOST gene with
a specific small interfering RNA (siRNA) in osteocytes reduces
osteoblast differentiation, and could overcome the immune re-
sponse limitation. However, it is urgently necessary to design
an effective nanovehicle for siRNA, to make up for deficien-
cies in very short half-life and poor transfection capacity through
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cell membranes. In this aspect, Vallet-Regi’s group!** designed
creatively cationic polymers (poly-(ethylenimine), PEI)-modified
MSNs with high loading capacity as nanovehicles to transport
SOST siRNA and osteogenic peptide osteostatin to cells, stim-
ulating osteoblastic cell growth and differentiation (Figure 12).
The coordination of SOST siRNA and the osteogenic peptide sig-
nificantly increased markers expression of osteogenic differenti-
ation. Taken together, this system will be a promising alternative
for co-delivery of gene therapy in osteoporosis treatment.

6. Conclusions and Outlook

This review discusses in-depth the recent progress in the design
and application of various MNs such as mSiO,-based, mCaPs,
mHAP, mPDA in bone disease diagnosis and treatment in the
past decades. The precise properties and therapy and diagnosis
mechanisms of diverse MNs were first systematically elucidated
for bone-related diseases, which are the foundation and play a
key role in the design of MNs. Additionally, the relationship be-
tween MNs-based multifunctional nanocarriers and bone regen-
eration, as well as the mechanisms among the distinct structure

Adv. Sci. 2021, 8, 2004586

of MNs and cargo sustained release are summarized. Especially,
the different therapy and diagnosis strategies were discussed and
emphasized in depth, such as typical cargo sustained release,
stimuli-responsive (e.g., pH, photo, ultrasound) cargo control-
lable delivery, specific bone-targeted therapy, and effective imag-
ing agents for potential application in bone disease diagnosis and
treatment. However, from the viewpoint of critical perspectives,
the long-term biosafety, and the elimination of metabolites after
biodegradation, cargo sustained release, and targeted release abil-
ity should be further evaluated in practical clinical application.
Considering the above research bottlenecks, more methods
and strategies are urgently needed to design novel MNs-based
nanocarriers for efficient bone disease treatment and diagno-
sis in practical clinical applications. First, more efforts should
be paid to design functional MNs-based nanocarriers and ex-
plore their sensitive-response release mechanism, regulating the
compositions and special structures such as cavity size, sur-
face roughness and modification, core—shell or hollow structure,
which can help improve the cargo loading and encapsulation
amounts and increase cargo cumulative release. Second, based
on the above-mentioned diverse strategies, the integration of

2004586 (21 0f26) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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multifunctional diagnosis and treatment will be a promising de-
velopment direction in the treatment of bone tumors and bone
regeneration in the future. Notably, considerable efforts should
be devoted to exploring the relationship among structure, cargo
release, and diagnosis treatment from molecules level. Third,
more attention should be paid to systematic therapy strategy
which should be designed toward deeper bone tumors to im-
prove limited penetration ability. A deeper understanding of bone
targeting mechanism should also be further explored for find-
ing more specific target ligands. With the ever-strengthening
collaboration of researchers from biomedicine and materials
science, it is widely accepted that the structure—function re-
lationship, diagnosis-treatment integration, and the potential
stimulus-responsive mechanism of MNs-based nanocarriers are
the most valuable and important research direction in the bone
tumor application of cargo delivery engineering in the future.
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