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Abstract

Bone is one of the major organs of the human body; it supports and protects other organs,
produces blood cells, stores minerals, and regulates hormones. Therefore, disorders in bone can
cause serious morbidity, complications, or mortality of patients. However, despite the significant
occurrence of bone diseases, such as osteoarthritis (OA), osteoporosis (OP), non-union bone
defects, bone cancer, and myeloma-related bone disease, their effective treatments remain a
challenge. In this review, we highlight recent progress in the development of nanotechnology-
based drug delivery for bone treatment, based on its improved delivery efficiency and safety. We
summarize the most commonly used nanomaterials for bone drug delivery. We then discuss the
targeting strategies of these nanomaterials to the diseased sites of bone tissue. We also highlight
nanotechnology-based drug delivery to bone cells and subcellular organelles. We envision that
nanotechnology-based drug delivery will serve as a powerful tool for developing treatments for
currently incurable bone diseases.

Introduction

Advances in the field of nanotechnology have revolutionized traditional therapies by
improving the effectiveness of drug delivery strategies [1]. Given that human tissues
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comprise hierarchical structures at the nanoscale, nanomaterials (ranging from 1 to 100 nm
in size) have the advantage of size similarity to interact with, and modulate biological
components [2]. For example, nanomaterial-based drug delivery systems have improved
targeting because of their small size, which allows them to traverse biological barriers, such
as the small intestine, nasal and oral mucosa, and skin, for more efficient delivery [3]. As
such, nanomaterials can sequentially target from tissues to cells to organelles to deliver
drugs [4]. In addition, nanotechnology-based drug delivery systems can be functionalized to
sense, diagnose, image, and deliver therapeutics by conjugating moieties, such as peptides,
aptamers, and small molecules [5].

These nanotechnology-based drug delivery strategies can be applied for treating bone
diseases that are difficult to treat with conventional clinical therapies. These diseases
encompass several skeletal-related disorders, such as OA, OP, nonunion defects, bone cancer
(metastatic and primary bone cancer), and myeloma-related bone disease [6-12]. In the
USA, approximately 52.5 million adults have clinical OA, which has become the leading
bone disease causing disabilities [6,7]. OP is another concern, because approximately 10.2
million adults aged 50 years and older had OP in 2014, and 43.4 million adults who have
low bone mass are under increased risk of developing OP [8]. Bone defects and non-union
bone defects remain a challenge, because up to 100000 fractures end with non-union in the
USA [9]. Primary bone cancer is the bone disease with the highest mortality; according to
the report of cancer statistics in 2015, approximately 1490 deaths occurred in the 2970 cases
of newly diagnosed bone and joint cancer [10]. In addition, according to data provided by
the American Cancer Society, approximately 11170 men and 9010 women are diagnosed
with multiple myeloma every year, and associated myeloma-related bone disease makes
treatment more complex because of the accompanying dysfunction of bone formation and
resorption [11,12].

Several limitations of current treatments for bone diseases include: wide excisions of tissue
[13] (in cases using amputation surgery), low targeting efficiency and adverse effects on
other organs and tissues (in cases using chemotherapy and radiation therapy) [14], short
plasma half-life and poor physicochemical stability in biodistribution (in cases using
biomacromolecular drugs), and insufficient bone graft sources and risk of infection and host
immune responses (in cases using bone grafts) [15].

To overcome the limitations of previous approaches for treating orthopedic diseases, targeted
delivery using nanomaterials is a potential solution to increase therapeutic efficiency and
reduce adverse effects. Generally, the advantages of applying nanomaterials include: (i)
enlarged drug-loading capacity with large surface area:volume ratios [16,17]; (ii) increased
drug solubility in conjugation with delivery vehicles [18,19]; (iii) promoted drug stability by
providing a protective shield to increase drug retention time [20]; (iv) targeted delivery and
on-demand release after fabrication with stimuli-responsive functional groups and reduced
systemic adverse effects on other tissues or organs [21-23]; and (v) enhanced transport
ability across cell membranes, enabling intracellular drug delivery or delivery to specific
organelles [24,25].
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Nanomaterials also have unique advantages in treating bone diseases. Given that bone tissue
comprises inorganic minerals and organic matrices that are assembled at the nanoscale,
nanoparticles can assimilate into the bone microenvironment to approach and cure diseased
bone [26,27]. In addition, the nanodrug delivery vehicles, such as calcium phosphate (CaP)
nanoparticles (CPNs), gold nanoparticles (GNPs), and nanodiamonds (NDs), can stimulate
new bone growth by stimulating mineralization or promoting bone cell activity [28,29].
Furthermore, the intracellular targeting drug delivery based on nanotechnology can enhance
the treatment efficiency of bone diseases via the precise delivery of drugs to subcellular
regions. As a result, intracellular targeted delivery shows great potential to solve multidrug
resistance, a longstanding challenge for cancer chemotherapy [30,31]. Taken together,
functionalized nanomaterials can specifically accumulate in diseased bone and target cells
and further translocate to target organelles, delivering therapeutic agents to the pathological
site with high efficacy and specificity.

In this review, we discuss the recent progress in the development of nanodelivery systems
for treating bone diseases. First, we review the classification and applications of using
different types of nanomaterial-based drug delivery system to heal damaged/diseased bone.
Then we discuss nanotechnology-based drug delivery strategies that can benefit the local
drug accumulation and retention in the bone tissue. We go on to emphasize nanotechnology-
based intercellular targeting and delivery strategies that depend on the functionalities of
organelles. Lastly, to improve clinical translation in this field, we discuss the need for an
improved understanding of the safety and toxicity of nanomaterials.

Types of nanomaterials

Nanomaterials have unique physical and chemical properties for drug delivery applications,
including: high surface:volume ratio for efficient drug loading, ease of functionalization with
biological targeting moieties, and small size to overcome tissue barriers for more effective
targeting [32]. In recent years, the development of inorganic and organic nanomaterials has
led to novel drug delivery strategies for treating bone diseases (Figure 1).

Inorganic nanomaterials

Given that bone largely comprises inorganic materials, such as hydroxyapatite [HA:
Ca19(PO4)g(OH),] and whitlockite [Ca;gMga(HPO4)2(PO4)12] [33], inorganic nanomaterials
have gained attention for bone drug delivery for their structural and mechanical similarity to
the target tissue [32]. Inorganic nanomaterials, such as mesoporous silica nanoparticles
(MSNSs), titanium nanotubes (TNTs), GNPs, NDs, and CPNs, have unique physicochemical
properties for novel applications in drug delivery.

Mesoporous silica nanoparticles—MSNs have advantageous properties for drug
delivery applications, especially given their unique mesoporous structure (up to 10-20 nm
pore size [34]), allowing for a high surface area for efficient drug loading [35]. In particular,
MSNSs are a promising therapeutic for the treatment of OP because they can act as both a
drug carrier [36] and a bone bioactive agent [37]. The treatment of this disease can be
divided into two approaches: accelerating bone formation by upregulating osteoblast (OB)
activity, and reducing bone resorption by downregulating osteoclast (OC) activity [38].
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MSNs can be incorporated with calcium ions to form mesoporous bioactive glass
nanospheres (MBGS), using well-established sol-gel and supramolecular surfactant
chemistry techniques [37]. For example, Fan et a/. used an alkali morphological catalyst in a
multi-step sol-gel synthesis method to obtain bioactive glass nanoparticles of uniform shape
and size of <60 nm in diameter [39]. These MBGs can promote bone formation, because the
release of calcium ions has been shown to support OB proliferation and differentiation [37].
In addition, MSNSs can reduce OC activity by delivering silencing RNA (siRNA) to
downregulate genes related to osteoclastogenesis [40]. For instance, the work of Kim et al.
highlights the use of MBGs to deliver siRNA to downregulate the expression of the OC
inducer receptor activator of nuclear factor kappa B (RANK) [40]. The in vitrorelease
profile of MBGs demonstrated that the nanoparticles could release siRNA linearly for a
period of over 3 days. In addition, RAW 264.7 cells treated with SIRNA-MBGs showed
significantly improved siRNA uptake efficiency (>72%) compared with free siRNA (<1%),
which showed almost no fluorescent signal of intracellular localization. Furthermore, genes
involved in osteoclastogenesis [cfos, TRAF, NFATc1, and cathepsin-K (CTSK)] were
significantly downregulated, demonstrating MBGs as a tool to decrease excessive OC-
mediated bone loss for future therapeutics [40].

Titanium nanotubes—Titanium metals are commonly used for the fabrication of bone
implants in the form of screws, plates, and pins, based on their mechanical strength, high
biocompatibility, and resistance to corrosion [41]. The integration of the bone implant with
the surrounding tissue is crucial for tissue repair, because a lack of osseointegration can lead
to bone infection requiring resurgery or amputation. Using nanofabrication techniques,
titanium bone implants can be modified with hierarchical structures to achieve nanoscale
surface roughness to increase the interaction with the surface adherent cells and, thus, to
promote osseointegration [42]. This nanoscale architecture can further improve bone tissue
formation by promoting cell adhesion, proliferation, cell spreading, and OB differentiation
[43]. To enhance the surface roughness of titanium implants, the surface of these metals can
be modified to produce TNTSs, using a simple and scalable anode oxidation treatment
method [44]. Owing to their high surface area and drug-loading capacity, TNTs have also
gained attention for drug delivery applications [45].

Previous studies have demonstrated that the antiresorptive drug alendronate (Alen) can
promote new bone formation by stimulating OB proliferation and/or differentiation, and
inhibiting OC function [46]. However, there is a need to develop novel materials for the
controlled release of this drug because of toxicity issues at high doses [46]. Shen et a/.
sought to use TNTs loaded with Alen to improve osseointegration and bone formation for
diseases such as OP (Figure 2a) [47]. The surface of TNTs was coated with nano-HA (nHA)
to facilitate cell attachment and improve drug-loading efficiency through the formation of
covalent bonds between Ca?* ions of HA and PO3*~ groups in Alen. The in vitroresults
demonstrated that the Alen-loaded TNT-nHA substrate could sustain the release of Alen for
over 500 h, which in turn promoted OB proliferation and/or differentiation and
downregulated OC differentiation. To confirm these effects in vivo, TNT-nHA-Alen
implants were implanted in an OP rabbit model. After 3 months, the bone volume and total
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trabecular thickness were significantly improved in TNTs functionalized with nHA and Alen
compared with control (TNTs only) [47].

Gold nanoparticles—GNPs show potential for bone-targeted drug delivery because of
their ease of functionalization with drugs, targeting moieties, and polymers on gold-thiol
bonds [48], as well as their intrinsic ability to upregulate OB activity [49] and downregulate
OC differentiation [50,51]. In particular, GNPs can downregulate OC formation by
inhibiting the function of the osteoclastogenesis promoter, RANK ligand (RANKL), and by
reducing reactive oxygen species (ROS) levels [52]. In addition, GNPs can apply mechanical
stress on the membranes of mesenchymal stem cells (MSCs) to activate the
mechanosensitive p38 mitogen-activated protein kinase (MAPK) pathway to induce
osteogenic differentiation [49]. Therefore, in cases where OC activity and bone resorption
are pathologically increased, such as in OP, GNPs can be used to promote homeostasis in
bone remodeling.

In addition to the osteogenic capabilities of GNPs, they can also be functionalized with
drugs or other biological molecules for drug delivery applications [48]. For instance, the
drug curcumin (CUR) has a range of pharmacological effects, including the suppression of
osteoclastogenesis by inhibiting RANKL-induced nuclear factor (NF)-xB [53]. However,
CUR has poor stability /n7 vivoand can readily degrade at physiological pH [54]. To improve
CUR delivery, Heo et al. developed GNPs functionalized with B-cyclodextrin (8CD), which
can stabilize CUR through the formation of BCD-CUR inclusion complexes (Figure 2b)
[50]. The in vitroresults demonstrated that the GNP-BCD-CUR could inhibit the OC
differentiation of bone marrow-derived macrophages (BMM). Furthermore, in an
ovariectomy-induced (OVX-induced) OP mouse, the application of GNP-BCD-CUR
prevented bone loss and increased bone dimensions in trabecular bone, because of the
improved intracellular delivery of GNP-loaded CUR [50].

To improve tissue-specific delivery and reduce toxicity issues, GNPs can also be
functionalized with biological targeting moieties. Lee et a/. sought to functionalize GNPs
with Alen to target drugs specifically to bone tissue [51]. The ex vivo results demonstrated
the specific binding of GNPs linked to Alen (GNP-Alen), because a large percentage of the
GNPs immobilized to the tibia of mice compared with GNPs alone. They also demonstrated
that GNP-Alen had a greater inhibitory effect on OC-related genes (7TRAR OSCAR, cFos,
and NFATcI) compared with GNPs or Alen alone [51].

Nanodiamonds—NDs are octahedral, nanoscale carbon allotropes that have gained
attention for applications in regenerative medicine because of properties such as: high
surface area, ease of surface functionalization, and excellent biocompatibility [55]. The
surface of NDs can be modified with various functional groups (e.g., carboxyl groups)
without compromising the ND core, allowing for the linkage of proteins and polymers [55].
Similar to GNPs, NDs have been suggested to have a positive role in OB proliferation and
differentiation [56]. To leverage these results, Ryu et al. designed ND conjugated with Alen
to deliver the drug to enhance bone cell activity and tissue repair [57]. To determine the
applicability of NDs for bone drug delivery, they conducted affinity tests and determined
that Alen-ND could bind favorably to the bone mineral HA, through interaction with HA
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and Alen. The /n vitro results also demonstrated that Alen-NDs could preferentially bind to
MC3T3-E1 murine OBs compared with HepG2 hepatocytes or NIH3T3 fibroblasts, and also
enhanced the alkaline phosphatase (ALP) expression of the OBs. Also, when Alen-NDs
were injected intravenously into the rat tail vein, Alen-NDs deposited in bone tissue with
high targeting efficiency. The authors hypothesized that the accumulation of NDs in bone to
increase mechanical strength, and the delivery of Alen, could promote synergistic bone
formation for future treatments of OP [57].

Calcium phosphate nanoparticles—CPNs have gained special interest for bone-
related applications because of their superior biocompatibility, biodegradability, and
similarity in structure to the inorganic composition of bone minerals [58]. CPNs have been
widely used for applications in gene delivery, because they can stabilize DNA or RNA
through electrostatic interactions between the positive calcium ions and negatively charged
nucleotides of these molecules [59]. This stabilizing structure can prevent the degradation of
nucleotides by plasma nucleases, and promotes the internalization of the former into cells
[58]. However, a major disadvantage of CPNs is that their spontaneous aggregation can
result in reduced transfection efficiency for gene therapy applications [60].

Using an aqueous, low-temperature, rapid precipitation technique, Curtin et a/. formulated
homogenous (<200 nm), nonagglomerating nHA to bind and carry the gene encoding bone
morphogenetic protein 2 (BMP2) for stem-cell mediated bone formation [61,62]. Compared
with Lipofectamine 2000, a polymer-based transfection method, nHA was less cytotoxic. In
addition, nHA showed superior transfection efficiency compared with commercial CaP
transfection kits. In 2D culture, the transfection of nHA-BMP-2 in rabbit MSCs (rMSCs)
resulted in a significant increase in calcium deposition compared with controls (nHA or cells
alone). As an application of these nHA particles, the authors developed a novel local gene
delivery platform by incorporating nHA-BMP2 into a porous collagen scaffold to act as a
‘gene-activated matrix’. The results demonstrated an improved osteogenic capability of this
scaffold, as indicated by increased osteocalcin expression and calcium deposition [61].

Organic nanomaterials

Polymeric nanoparticles are a widely used organic nanomaterial for drug delivery
applications, particularly because of their tunable biodegradability and release kinetics [32].
Examples of organic nanomaterials for bone drug delivery include chitosan [CS: B-(1-4)-2-
amino-2-deoxy-D-glucose] and poly(L-lactide-co-glycolide) (PLGA) nanoparticles. Lipid
nanoparticles (LNPs) represent another class of biodegradable, biocompatible, and
functional nanomaterials comprising solid and liquid-state lipids for use in bone drug-
delivery applications [63].

Chitosan nanoparticles—CS is a naturally occurring polysaccharide, derived from the
deacetylated form of chitin [64]. CS-based nanoparticles are effective gene carriers, because
the positively charged amine backbone of CS can permit strong electrostatic interactions
with negatively charged nucleotides to protect it from nuclease degradation [65]. However,
because of the low cell internalization efficiency of CS nanoparticles, they must be modified
before use as an effective gene therapy vector [66]. To accomplish this, Zhao et a/. (Figure
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2c) combined CS nanoparticles with polyethylenimine (PEI) to improve the delivery of the
human BMPZ2 gene (hBMP2) [67]. PEI is an efficient gene carrier because it can escape
lysosomal degradation by hyperosmotic rupturing through the proton sponge effect [68], but
is disadvantaged because of its cytotoxicity [67]. To overcome this limitation of PEI, Zhao et
al. determined that an ideal ratio of 20:1 of CS to PEI retained the low cytotoxicity of CS, as
well as the benefits of increased transfection efficiency of PEI. To determine its
physiological effects, the authors transfected MC3T3-E1 murine OBs with CS-PEI/hBMP-2,
and demonstrated that markers of osteogenesis (ALP, Sp7, and Col1) were upregulated at
various time points. In addition, an /n7 vivo bone defect model in rats demonstrated that CS-
PEI’hBMP-2 could promote greater bone formation 12 weeks post implantation, compared
with the nontreatment control [67].

In addition, CS can be modified with sulfate groups to produce a polysaccharide similar in
structure to heparin, which can bind favorably to the basic amino acid stretches of BMP-2.
This interaction can enhance the bioactivity of BMP-2 for bone repair, by improving its
encapsulation and sustained release [69,70]. For instance, Cao et al. devised a
photocrosslinked hydrogel incorporated with 2- V,6- O-sulfated CS nanoparticles for the
controlled delivery of rhBMP-2 [69]. The aim of this system was to sustain the release of
BMP-2 over a long period of time, because ineffective release can cause chronic
inflammation and heterotopic ossification. By combining BMP-2/CS and photocrosslinked
hydrogel, the delivery of BMP-2 could be sustained for over 42 days /in vivo, and new bone
formation significantly increased as early as 2 weeks [69].

Poly(L-lactide-co-glycolide) nanoparticles—PLGA nanoparticles are widely used for
drug delivery applications because of their ease of functionalization with targeting ligands
[71], tunable drug release kinetics [72], and low toxicity [73]. PLGA nanoparticles can also
be used for the delivery of bone-related hormones and proteins, such as parathyroid hormone
(PTH) [74] and BMP-2 [75], by providing protection against enzymatic degradation /in vivo
and improving diffusion across biological carriers [76]. PLGA nanoparticles can also reduce
the systemic adverse effects associated with the administration of antiresorptive drugs, such
as Alen, through controlled delivery of small doses at the site of administration [77]. The
rate of drug release from PLGA nanoparticles can also be regulated by controlling the co-
polymer ratio between lactide and glycolide, and the molecular weight of the polymer [72].

These nanoparticles can also be combined with biodegradable scaffolds to deliver
therapeutics at the site of injection for an extended period of time. For example, Posadowska
et al. combined PLGA nanoparticles encapsulating Alen within a gellan gum (GG) hydrogel
[78]. They demonstrated that the GG-PLGA-Alen hydrogel was injectable and capable of
restoring mechanical properties after extrusion. This GG-PLGA-Alen hydrogel also
promoted drug release over a period of 25 days. In addition, GG-PLGA-Alen could reduce
OC formation by inhibiting the ability of RAW264.7 to fuse and flatten, demonstrating that
it could act as a nanocarrier for Alen [78].

Lipid nanoparticles—LNPs are rigid, uniform nanocarriers comprising solid and liquid
state lipids, which can be formed into a core-shell or homogenous particle structure. LNPs
represent a diverse class of lipid-based nanocarriers, including: solid lipid nanoparticle

Drug Discov Today. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cheng et al.

Page 8

(SLN) carriers, nanostructured lipid carriers (NLCs), lipid drug conjugate (LDC) carriers,
and lipid nanocapsule carriers (LNCs) [63]. SLN carriers are produced using hot pressure
homogenization methods and are the most commonly used formulation of LNPs [79]. NLCs
contain both liquid and solid phase lipids, which can promote increased payload storage
[63,80]. LDC carriers can also promote increased drug storage through the covalent linkage
of the drug to the lipid backbone [81]. Finally, LNCs have a core-shell structure, with a
semiliquid core and solid external lipid layer [82]. Owing to their superior biocompatibility,
kinetic and physical stability, LNPs have been widely applied as nanocarriers for drug
delivery [63].

LNPs are an effective tool for the delivery of nucleic acids for /n vivo gene therapy because
of their small size (1— 100 nm), which allows them to cross bone sinusoids and to deliver a
large quantity of nucleotides into the cell through endocytosis [83,84]. For example, Basha
et al. investigated LNPs for the delivery of siRNA to downregulate the expression of
sclerostin (SOST) [85]. The protein SOST is secreted by osteocytes and inhibits OB
differentiation by inhibiting the function of the BMP-Wnt pathway. Previous studies have
shown that administration of antibodies against SOST increased bone mineral density and
bone formation [85]. To validate the physiological effects of the LNP-siRNA system, these
authors administered these nanoparticles to primary mouse embryonic fibroblasts, and
determined that SOST was downregulated, and the expression of ALP increased over 1600-
fold. The knockdown efficiency of the LNPs was confirmed /n vivo, because a systemic
injection in mice reduced SOST expression [85].

Strategies for delivery

Nanomaterials show promise for bone tissue repair and regeneration, because they are able
to efficiently load drugs and target the diseased site. The methods of drug delivery to bone
tissue include: oral delivery, implant-based delivery, injectable delivery, and transdermal
delivery (Figure 3).

Oral delivery

Oral delivery is a convenient and noninvasive route for the administration of drugs, but
issues such as enzymatic degradation in the gastrointestinal (Gl) tract, and limited
permeation across the mucosal layer need to be solved to realize the full benefits of this
approach [86]. Nanoparticles have been explored as a potential solution because of their
ability to cross the intestinal epithelium, either passively or using Gl-specific ligands, such
as lectin and M cell targeted antibodies [86].

Celecoxib is an orally administered, anti-inflammatory drug, used to treat OA and
rheumatoid arthritis (RA) [87]. However, high doses of this drug are required to circumvent
its low solubility and variable absorption rate, which can lead to toxicity issues [88]. To
solve this issue, Bachar et al. devised a celecoxib-loaded p-casein nano-sized micelle to
reduce the toxicity of this drug and to improve its dispersibility [87]. By loading celecoxib in
B-casein micelles, the authors improved its solubility and stability, and demonstrated a
loading efficiency of over 25% by weight [87]. Given that p-casein is defined as generally
recognized as safe (GRAS), it is applicable for oral delivery in future clinical applications to
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treat bone diseases. p-casein can also naturally degrade in the stomach or through interaction
with the Gl tract [87].

Another challenge of oral administration is the poor bioavailability of peptide and protein
drugs caused by reduced stability, poor uptake across epithelial cells of the Gl tract, and
limited lipid solubility [86]. To solve these issues, SLNs were introduced as a drug carrier
system for oral delivery because of their stabilizing effect on peptides [89]. For instance,
salmon calcitonin (sCT), a peptide-based drug, is used for the treatment of postmenopausal
OP and Paget’s disease. However, the nasal administration of sCT can cause irritation, and
the alternative use of oral bisphosphonates can cause adverse intestinal effects [90]. Chen et
al. sought to develop an oral delivery system by loading SLNs with sCT using a micelle-
double emulsion technique using the lipids stearic acid (SA), tripalmitin (TP), or a
combination of both [91]. They observed /n vivo that the SLN-sCT prepared with SA and TP
had increased bioavailability when administered to the duodenum of mice, demonstrating its
applicability for oral delivery to the Gl tract [91].

In another approach, Samarasinghe et al. developed a nanocarrier to deliver iron-saturated
bovine-lactoferrin (Fe-bLf) in an oral route using natural biomaterials, such as alginate, CS,
and CaP (Figure 3a) [92]. The protein Fe-bLf has previously demonstrated anti-
inflammatory and immunomodulatory properties by inhibiting the activity of natural killer
cells, increasing antioxidant levels, and replenishing lymphocyte levels [93]. Therefore, Fe-
bLf could reduce the progression of OA by modulating the inflammatory response. By
combining Fe-bLf with an alginate-CS-CaP nanocarrier (Fe-bLf-Alg-CS-CaP-NC), the
authors controlled the release of Fe-bLf for a period of 24 h [92]. The application of Fe-bLf-
Alg-CS-CaP-NC to chondrocytes pretreated with interleukin (IL)-1f (to induce apoptosis
and mitochondrial stress) reduced hypoxia-inducible factor (HIF-2a) levels by 20%,
demonstrating its immunomodulatory effects. In addition, the disease-modifying effects
were demonstrated /n vivo in mice, because oral supplements of Fe-bLf-Alg-CS-CaP-NC
downregulated the expression of the proinflammatory cytokines IL-6, IL-1, and tumor
necrosis factor (TNF)-a by 4.3-fold, 8.3-fold, and 33.3-fold, respectively [92]. These results
demonstrate that the oral delivery of therapeutic peptides using biocompatible NC is a
favorable approach for the treatment of OA.

Implant-based delivery

Although bone tissue is a dynamic structure that has the ability to heal after fractures, larger
defects resulting from critical injuries, disease, or malformations often require bone grafts
[94]. The current gold standard for bone grafts is an autologous graft from the iliac crest, but
disadvantages of this approach include donor site morbidity and limited tissue availability
[94]. These limitations have prompted the development of biodegradable and bioactive 3D
nanostructured scaffolds that mimic bone and, thus, can induce the recruitment and
migration of host cells for tissue repair [32]. In addition, these scaffolds can serve as a drug
delivery vehicle for controlled drug release to guide cellular processes [32]. However,
because of their large volume, they must be implanted to the target site in an invasive
manner [32]. Several materials have been developed for the fabrication of these scaffolds,
including: peptide amphiphiles, electrospun nanofibres, and CaP nanomaterials.
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Peptide amphiphiles (PAs) are short peptide sequences attached to a hydrophobic alkyl tail
that can self-assemble into nanofibres in solution. This process is driven by hydrophobic
interactions of the alkyl trail and the hydrogen bonding of the peptides [95]. PAs can be
formulated with epitopes for the binding of proteins [96] or drugs [97] on the peptide
sequence. This can allow for the presentation of a high density of ligands for cell receptor
binding, as well as for controlling the release of covalently bound drugs [97-100].

PAs can promote the controlled delivery of growth factors from synthetic grafts by providing
a platform for ligand-specific binding [101]. To improve the bone-forming abilities of
collagen sponges, Lee et al. devised a heparin-binding PA that can bind to the heparin-
sulfate domains of BMP-2 [101]. Collagen sponges cannot specifically bind to BMP-2 or
BMP-7; thus, their use as a delivery agent is limited because of issues of rapid burst release,
potentially causing soft-tissue hematomas [102]. The authors demonstrated that the PA
nanofibres could reduce the proportion of BMP-2 released over 24 h (22.7%) compared with
gels without heparin sulfate functionalization (45.4%). They also applied this nanofiber gel
to collagen sponges /n7 vivo, and determined that the volume of new bone formation in a rat
defect gap increased significantly compared with collagen sponges and BMP-2 alone [101].

The electrospinning of polymers to produce nanofibres is another technique for developing
scaffolds for drug delivery applications. The process of electrospinning involves applying an
electrical solution to draw a polymer solution from a nozzle onto a collector plate [32]. This
solution can then be used to fabricate a variety of structures, with properties such as high
surface area, high porosity, and structural similarity to extracellular matrix (ECM) [103]. For
instance, Kang et al. fabricated polycaprolactone (PCL) scaffolds with a core-shell
morphology to sequentially deliver fibroblast growth factor-2 (FGF-2) and fibroblast growth
factor-18 (FGF-18) for bone repair (Figure 3b) [104]. The core-shell morphology of these
scaffolds produces a hollow shell with high surface area for the efficient loading of drugs. In
the scaffold, the authors added mesoporous bioactive nanoparticles (MBNs) loaded with
FGF-18, as well as free FGF-2 in the core shell. The FGF-2 was released initially from the
core shell to stimulate proliferation of cells for repair, followed by FGF-18 from the MBNSs,
which promoted osteogenesis through the upregulation of BMP-2 expression. After
implanting this scaffold in rat calvarium defects, the authors determined that both bone
volume and bone surface density increased compared with controls [104].

Implants have been successfully applied for promoting the rehabilitation of bone tissue,
notably in cases such as hip replacements [105]. However, this method is limited for patients
with diseases such as OP, which limits the osseointegration and biological fixation of
implants [106]. To promote these factors, implants can be coated with materials such as CaP,
which can promote a healing response [107] and the colonization of MSCs [108]. In
particular, the electrospray deposition technique can be used to coat CPNs on implants,
which can then be combined with drugs, peptides, or growth factors [109]. For instance,
Alghamdi ef a/. fabricated titanium implants sprayed with CPNs and Alen to promote
implant integration and fixation. At 4 weeks post implantation in an OP rat model, the
combination of CPNs and Alen improved bone volume formation and bone-implant contact,
compared with CPNs or Alen alone (Figure 2d) [110].
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Injectable delivery

Hydrogels are soft, elastic, 3D polymer networks that have found many applications in
regenerative medicine for their similarity to the ECM, such as scaffolds for cells, barriers for
wound healing, and cell transplantation [111]. One of these applications includes drug
delivery, because of their tunable characteristics, such as cross-linking density, degradation
rate, and swelling rate, allowing for controlled drug release kinetics [111]. In particular,
there has been considerable interest in developing /n situ-forming hydrogels for local,
injectable delivery of drugs [112]. These materials can be applied in the clinic in a
minimally invasive injection method, and can take on the shape of the wound cavity to
which they are applied. Therefore, injectable /n situ-forming hydrogels could solve the
disadvantage of implant-based delivery methods, which require invasive surgeries to be
placed in the target site [112].

For instance, Seo et al. devised an /n situ-forming thermosensitive poly
(organophosphazene) hydrogel with dual-interacting nanoparticles (D-NPs) loaded with
BMP-2 for bone delivery (Figure 3c) [113]. The D-NPs can interact with BMP-2 through
two mechanisms: (i) hydrophobic interactions with the hydrophobic loops of BMP-2; and
(i) electrostatic interactions between the negatively charged ionic groups of D-NPs, and the
positively charged BMP-2 protein. This strong interaction can allow for more sustainable
BMP-2 release from the hydrogel. This sustainable release was demonstrated /in vitro,
because the BMP-2/D-NP hydrogels slowed the BMP-2 release rate compared with BMP-2
linked to nanoparticles that could not bind electrostatically. In addition, because of the
thermosensitive properties of the hydrogel, the hydrogel-nanoparticle—protein composite
was able to form a gel when exposed to physiological temperatures in the body. The authors
demonstrated /n vivo that an orthotopic injection to the calvarial bone of mice could increase
bone volume and thickness [113].

Transdermal delivery

NLCs have been studied for applications in transdermal delivery because of their physical
stability, ability to penetrate skin efficiently, and drug release capabilities [114]. The work of
Garg et al. demonstrated the ability of NLCs to deliver methotrexate (MTX) transdermally
as a treatment for RA (Figure 3d) [115]. The drug MTX can reduce proinflammatory
cytokine levels that can cause joint destruction in RA, but intra-articular delivery of this drug
limits its concentration at RA sites because of the rapid exit of the drug from joint cavity
sites. To improve local delivery of this drug, the authors formulated a gel incorporating
NLC-MTX and the chemical permeation enhancer (CE), a-terpineol [Gel-(MTX-NLC
+CE)]. The application of this gel to the paws of RA mice significantly reduced
inflammation, paw thickness, and levels of proinflammatory cytokines [IL-1B, IL-6, (Matrix
metalloproteinase-1) MMP-1, and TNF-a] in serum and synovial fluid of RA mice [115].

Approaches for cellular delivery

For drug delivery applications to bone, nanomaterials can be targeted to specific cells (i.e.,
Obs or OCs) or to subcellular organelles [i.e., autophagosomes, endoplasmic reticulum (ER),
or lysosomes] to enhance their therapeutic efficiency while reducing adverse effects.
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Therefore, the modification of nanomaterials with biological targeting ligands (e.g.,
peptides, aptamers, and small molecules) can improve the targeting efficacy of drugs [116].

Peptide ligands

The modification of nanomaterials with small peptides is a promising approach for cell
targeting because of their high ligand avidity, easy bioconjugation, and low immunogenicity
[117]. For instance, Sun et al. used the phage display technique to identify a five amino-acid
long motif (SDSSD) with high binding affinity to human and mouse OBs [118]. Specifically,
they used mass spectrometry and pulldown assays to determine that the SDSDD peptide
could bind to periostin, an OB-specific cell surface protein. To apply this for the OB-specific
delivery of drugs, the authors linked this peptide to a polyurethane (PU) nanomicelle to
deliver an oligonucleotide to block the effects of miRNA-214 (anti-miRNA-214), which is
known to have OB-inhibiting effects [119]. The effect of cellular internalization of the
SDSDD-PU nanomicelle in OBs was confirmed by the co-localization of DMP1 (an OB
marker) and fluorescently labeled FAM-siRNA. To determine the physiological effects of
SDSDD-PU-anti-miRNA /n vivo, they injected the nanomicelles into OV X-induced OP rats,
and demonstrated that it could improve bone microarchitecture and bone mineral density
[118].

Another approach for OB-specific targeting is demonstrated in the work of Zhang et a/.,, who
used (AspSerSer)g as a targeting moiety to bind small, misaligned HA crystals on bone-
forming surfaces [120]. Given that cells of the osteogenic lineage are favorably recruited to
bone-forming surfaces, this approach could be used to deliver drugs specifically to these cell
types [120]. In addition, the authors linked (AspSerSer)g to DOTAP-based cationic
liposomes [DOTAP-siRNA-(AspSerSer)g] to deliver a siRNA to downregulate the
expression of casein kinase-2 interacting protein-1 (CKIP-1). The protein CKIP-1 has been
shown to interact cooperatively with Smad ubiquitylation regulatory factor 1 (Smurfl),
which is a negative regulator of osteogenesis [121]. Additionally, DOTAP-siRNA-
(AspSerSer)g nanoparticles co-localized /n vivowith ALP, Runx2, and Col1A1 (markers of
osteogenic cells) expression in rats, but not with OC-associated receptor (OSCAR)
expression found in pre-OC and mature OC. To determine the physiological effects of this
system in vivo, the authors injected DOTAP-siRNA-(AspSerSer)g into the tail vein of OV X-
induced OP rats, and found that it significantly improved bone mineral density and the 3D
architecture of the proximal tibia. Furthermore, the DOTAP-siRNA nanoparticles also
increased cellular internalization of the siRNA compared with siRNA alone, enhancing its
physiological effects by improving knockdown efficiency of the target gene. The work of
Zhang et al. offers an advantage over bone targeting using Alen, a traditional bisphosphonate
that is not able to differentiate between bone-forming and resorbing surfaces [120].

In addition to OB targeting, peptide moieties can also be used to target OCs. The D-Asp8
peptide has previously been demonstrated to bind favorably to bone-resorbing surfaces,
where OCs are responsible for degrading the bone matrix [122]. Liu ef a/. sought to use this
D-Asp8 peptide linked to DOTAP-based liposomes to deliver a modulator of miR-148a
(antagomiR-148a), for the treatment of OP [123]. One of the functions of miR-148a is to
regulate osteoclastogenesis [124], and downregulation of this miRNA with antagomiR-148a
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can reduce bone resorption. The authors determined that the D-Asp8-conjugated liposomes
could more effectively target bone tissues compared with liposomes without the peptide
moiety. These liposomes also demonstrated cell-specific delivery of antagomiR-148a to
OCs. Using the fluorescence-activated cell sorting technique, they determined that the
miR-148a knockdown efficiency was significantly greater in OSCAR-positive cells (i.e.,
OCs) compared with OSCAR-negative cells (i.e., non-OCs). The in vivoresults
demonstrated that the linked liposomes with antagomiR-148a significantly attenuated the
decrease of bone mineral density and bone volume in OV X-induced mice [123].

Aptamer ligands

Aptamers are short, single-stranded DNA or RNA sequences that can be applied as targeting
moieties because of their versatility and specificity. Their versatility allows them to bind to a
variety of targets, including peptides, small molecules, or whole cells. Their specificity
arises from the Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
method used to purify aptamers for ligand-specific binding [116]. A study by Liang et al.
explored the ability of aptamers to target OBs at a cell-specific level (Figures 4a and 5)
[125]. Using the SELEX method, they positively selected aptamers that could bind to OBs
with high affinity. The specificity of the aptamer to OBs ensures that endothelial cells and
lymphocytes residing at the bone surface are not targeted, reducing adverse effects on
nonskeletal tissues. In addition, the authors conjugated the OB-specific aptamer (CH6) to
LNPs for the delivery of siRNA to downregulate CKIP-1. The conjugation of the CH6
aptamer to LNPs also promoted its internalization by OBs through both clathrin-mediated
endocytosis and macropinocytosis. To determine the physiological effects of the CH6-
SiRNA-LNP system, the authors administered the LNPs into OV X-induced OP rats. The
CHB6-siRNA-LNP treatment group showed significantly enhanced mineral apposition rate,
bone formation rate, and OB number compared with siRNA or LNPs administered alone
[125].

Small molecule ligands

The class of small molecules known as bisphosphonates can be applied as bone-targeting
moieties, particularly because of their ability to bind bone through the interaction of the P-C-
P bonds of bisphosphonates to the calcium crystals in HA [84]. Bisphosphonates are also
approved for clinical usage to treat bone disorders, such as OP, Paget’s disease [126], and
metastatic bone tumors [127]. Bisphosphonates can also act as a therapeutic agent to
interfere with the resorption activity of OCs by blocking the mevalonate pathway, which is
essential for OC function [128]. Therefore, the efficient drug-loading capacity of
nanoparticles can be combined with the targeting ability of bisphosphonates to improve the
pharmacokinetics and bioavailability of bone-related drugs.

For instance, Swami et al. sought to improve the efficacy of bortezomib, an antitumor agent
with toxic and neuropathic adverse effects, to treat multiple myeloma and bone metastasis
(Figure 4b) [129]. They loaded the bortezomib drug into PLGA-polyethylene glycol (PEG)
nanoparticles functionalized with Alen. The nanoparticles could efficiently bind to HA
crystals and enter myeloma cells, as determined using flow cytometry of fluorescently
labeled nanoparticles. In addition, the tumor growth slowed significantly in rats with the
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application of PLGA-PEG-Alen nanoparticles, which also localized more specifically to
bone tissue compared with free drug or PLGA-PEG nanoparticles [129].

Subcellular targets

Nanotechnology has the potential to reduce the systemic adverse effects associated with
traditional medicine by targeting drugs and therapeutics to their site of action. In addition to
targeting specific organs and tissues, current research has moved towards subcellular
targeting, which has potential to increase the drug therapeutic index through delivery to
specific organelles. For example, the targeting of organelles, such as the autophagosome,
ER, and lysosome, can improve the treatment efficacy of bone diseases (Figure 4).

Autophagosome—The autophagosome is a double-membrane vesicle compartment
formed by at least 32 different autophagy-related proteins (Atg) that work together to
sequester and degrade waste to reutilize molecules and energy [130,131]. During the process
of autophagy, cytoplasmic contents, such as dysfunctional organelles, intracellular
pathogens, or targeted proteins, are enclosed in the autophagosome, which then fuses with
the acidic lysosomal compartment to break down these cellular products for recycling
[132,133]. Recent studies have demonstrated that autophagy is closely linked to bone cell
function in both normal physiology and disease. For instance, the autophagy factors
Atg5/7/4B and LC3 regulate the generation of the OC ruffled border [134], and a
knockdown of the autophagy regulatory protein FIP2000 in mice leads to OP [135].

Given that autophagy is linked to bone physiology, Ha et a/. sought to formulate bioactive
silica nanoparticles that can stimulate osteogenic activity in OBs through interaction with
autophagy factors (Figures 4c and 5) [131]. At the size of approximately 50 nm, these
bioactive silica nanoparticles can efficiently enter mesenchymal-derived cells through
caveolae-dependent endocytosis. This process, mediated by caveolin proteins, occurs
through the formation of caveosomes at the cell surface to internalize cargo to the smooth
ER or Golgi [136]. When caveolae-dependent endocytosis was blocked by methyl-beta-
cyclodextrin and nystatin inhibitors, internalization of these nanoparticles in OBs was
completely prevented. In addition, transmission electron microscopy (TEM) imaging
analysis clearly showed autophagosome and autolysosome localization of nanoparticles.
These silica nanoparticles had strong affinity with key autophagy-related proteins:
microtubule-associated protein 1 light chain 3 (LC3p-11) and signaling adaptor/scaffold
protein (p62). The interaction between these nanoparticles and proteins was reduced when
the early stage of autophagosome formation was blocked using a 3-methyladenin (3-MA)
inhibitor. The sequestration of nanoparticles to autophagy vesicles also stimulated the
formation of autophagosomes by the ERK1/2 signaling pathway. When preosteoblasts were
grown in the presence of these silica nanoparticles, nanoparticles were localized in
autolysosome structures and the gene expression levels of LC3b//and p62increased.
Furthermore, osteogenic differentiation was accelerated with increased ALP activity and
mineralization [131].

Endoplasmic reticulum—The ER is an organelle structure involved in the synthesis,
maturation, and export of proteins [137,138]. In the presence of unfolded proteins in the ER
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lumen, ER stress transducers clear these peptides via the unfolded protein response (UPR)
pathway [139]. The protein cAMP-responsive element binding protein 3 like 1 (OASIS) was
identified as one of these stress transducers, and has been closely linked to the regulation of
osteogenesis. OASIS stimulates the production of Col1A1, and a knockdown of OASIS in
mice leads to severe OP and reduction in OB activity [139]. Furthermore, studies have
shown that nanoparticles (e.g., silver nanoparticles) can also transduce ER stress [140]. To
leverage these results, Pan et al. developed miR-29b-loaded GNPs that can agglomerate and
exert stress in the ER of human MSCs (hMSCs) and MC3T3-E1 OBs, as confirmed by TEM
and fluorescent imaging (Figures 4d and 5) [138]. The GNPs were also functionalized with
miR-29b, a miRNA that can downregulate known inhibitors of osteogenesis (e.g., HDAC4,
TGF-B3, CTNNBIP1, etc.). The miR-29b-loaded GNPs showed a positive osteogenic effect
on hMSCs and MC3T3-E1 cells, with improved ALP activity and calcium deposition. The
authors hypothesized that miR-29b loaded GNPs could have a synergistic effect on
osteogenesis by the combined effect of miR-29b and ER stress [138].

Lysosome—The lysosome has a crucial role in the cell for clearing waste, regulating
plasma membrane repair, and maintaining cholesterol homeostasis. The lysosome is also the
most common end point for internalized extracellular debris during endocytosis and,
therefore, is a preferred intracellular target for drug delivery using nanoparticles [141,142].
Given that the lysosome has an acidic environment compared with its neutral surroundings,
nanocarriers can be modified to provide the pH-sensitive release of drugs once they are
internalized by cells [141]. For example, Santo ef a/. devised a pH-sensitive gelatin-based
micelle loaded with dexamethasone, an anti-OP drug (Figure 5) [143]. When placed in a
citrate buffer of pH ~4.0 /n vitro, the gelatin micelles exhibited a significant increase in
particle distribution index (PDI) and destabilization of the micelle structure, suggesting its
use for pH-sensitive drug release. Furthermore, /n vitro results demonstrated that close to
100% of the gelatin micelles were internalized in rat bone marrow MSCs (rBMSCs) and
MC3T3-E1 OBs. The biological assessment of the nanomicelles /n vivo showed a dose-
dependent effect on new bone volume, mineralized tissue, and the production of osteoid and
ECM.

In another study, Sun et a/. formulated pH-sensitive MSNs loaded with doxorubicin (DOX)
for the treatment of bone cancer metastasis [144]. In addition, they linked the MSNSs to
zoledronate (ZOL), a previously established moiety for bone metastasis targeting. The DOX-
MSN-ZOL exhibited pH-sensitive drug release, because there was an improved cumulative
drug release of 38% at pH 5.0, compared with 10% at pH 7.4. The authors hypothesized that
this accelerated drug release was caused by the protonation of the amino group of DOX at
acidic pH. Furthermore, fluorescent staining demonstrated that DOX-MSN-ZOL co-
localized in lysosomes, and that this signal intensity increased with incubation time in A549
cells /n vitro. As a model of cancer cell metastasis, the authors performed a wound-healing
migration assay, and determined that DOX-MSN-ZOL had the greatest ability to reduce
cancer cell migration [144].
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Concluding remarks and outlook

Nanomaterial drug delivery systems have demonstrated their tremendous potential to treat
bone diseases because of their versatility for conjugating secondary functional groups, the
ability to traverse to the diseased site in bone, and tunable drug release kinetics. These
promising delivery systems can be built on a spectrum of organic and inorganic materials,
and fabricated with a plethora of techniques based on surface modification and
bioconjugation. As a result, multiple choices of delivery vehicles and administration
strategies are emerging to treat bone diseases, providing many possibilities for future
personalized medication. Simultaneously, a higher therapeutic index can also be expected,
because functionalized nanomaterials have the ability to target and deliver drugs precisely
into subcellular regions.

Nanomaterial-based drug delivery systems are revolutionizing traditional drug delivery in
orthopedic disorders both in terms of efficacy and safety based on their high targeting
efficiency. Despite the impressive progress made by nanotechnology for treating bone
disease, most of the outcomes reviewed here are in the early research stages. Critical
challenges remain, such as a lack of understanding of nanotoxicity, insufficient drug-loading
capacity, low delivery efficiency, and inflexibility of drug release kinetics, which are making
nanomaterial-based drug delivery systems hard to translate into the clinic.

Understanding of nanotoxicity

The toxicity of nanomaterials remains a longstanding challenge, because nanoparticles can
cause both chemical and physical damage to healthy cells. For instance, overproduction of
ROS can result /n vitro apoptosis by free radical formation, peroxidative product
accumulation, and cell antioxidant depletion [145]. Nanomaterials can also cause cell
dysfunction by physically binding to biological molecules in an uncontrolled manner,
inducing cell death by random membrane insertion, and physically blocking
microcirculation [145]. Therefore, a more comprehensive and systematic understanding of
cellular responses when cells encounter nanoparticles is required.

Enhancing drug-loading capacity, release kinetics, and delivery efficiency

Although nanomaterials have a large surface area for high loading capacity, the weight
proportion of the drug is usually <5% of the carrier [146]. In this regard, either the drug
concentration is not sufficient to reach a therapeutic level, or a greater amount of carrier
nanomaterials is required, which can lead to systemic toxicity. In addition, when the drug
molecules are only physically absorbed or weakly bonded to the surface of the nanomaterial,
rapid release of the incorporated drug can occur immediately after administration. Thus, a
large fraction of loaded drugs will be dispersed and cannot efficiently reach the
pharmacological target /n vivo. Consequently, low therapeutic efficiency requires repeated
administration and larger doses, resulting in more adverse effects. Therefore, there is an
urgent need to increase the loading efficiency and promote the physiochemical stability of
the drug—nanocarrier complex. Recently, a report of the efficiency of administered
nanoparticles determined that only 0.7% (median) of administered nanoparticles could be
found at the tumor site [147]. The authors hypothesized that most of the injected
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nanoparticles are trapped and eliminated in the liver, spleen, and kidneys as foreign
substances. Therefore, future research should also put more effort into understanding the
interactions of nanoparticles with other organs to reduce nanoparticle filtration before they
arrive at bone tissue.

Achieving controllable multiphase drug release kinetics

The development of nanomaterials for sequential and temporally controlled delivery is
gaining popularity, particularly because multiphase drug release kinetics can improve the
therapeutic index. This approach is based on the principle that sequential release and
scheduling of combinatorial drugs /7 situ can improve drug synergism [148]. Multiphasic
drug delivery systems can respond to external cues through self-regulated stimuli for
responsive drug delivery. The most common types of external stimulus that can be applied
include: temperature, electricity, magnetic fields, as well as ultrasound [23,149], which can
be applied to treat other disease, but will be particularly beneficial for bone treatment in
terms of stimulation efficiency. This is because bone is deeply embedded into soft tissue and
the hard bone minerals require a stimulus with excellent penetration ability to reach the deep
diseased site. By contrast, self-regulated delivery systems are designed to automatically
respond to information in dynamic biological systems [150,151], such as endogenous pH,
temperature, or specific molecular presence in the local microenvironment. However, delays
in sensor response should be addressed between actual diseased site and the values of
information sensed in the tissues [152], especially in the delicate bone microenvironment.

Designing multifunctional nanoparticles

Multifunctional nanoparticles can combine various therapeutic agents to act together on the
biological target, enhancing the therapeutic index compared with the addition of an
individual drug. For instance, co-delivery of an anticancer drug and DNA intercalating agent
could harness the synergistic therapeutic activity of drug and gene loads [153]. By using a
single delivery vehicle, the co-delivery strategy can have advantages, such as synchronized
pharmacokinetics, as well as the delivery of refined doses of drug and genes to the same cell
subpopulation [153]. However, to realize the potential of co-delivery systems, several
scientific challenges still need to be addressed. For example, it should be ensured that
multiple therapeutic agents work cooperatively while avoiding inhibitory effects in terms of
functionality. Multifunctional nanoparticles also refer to the associations of diagnostic and
therapeutic agents [154], wherein additional functionalities, such as image contrast
enhancement, are included in the nanoparticles. This strategy, termed ‘theragnostics’, can
accomplish the precise diagnosis of disease and delivery of therapeutic agents to the disease
site simultaneously. Furthermore, there are several limitations to overcome, including
sophisticated fabrication steps to create additional functionality, more complicated effects
and behavior /n vivoto be understood, and greater regulatory hurdles [154].

Despite the many hurdles in the road to clinical translation, nanomaterial-based drug
delivery systems remain a promising approach to cure bone disease based on their high
targeting and delivery efficiency. The main advantage of applying nanomaterials is that they
can be designed and devised with precise functional moieties to deliver to the unique bone
microenvironment and subcellular compartment. We are looking forward to the continued
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efforts and sharing of expertise from a multidisciplinary team of clinicians and scientists to
overcome the current limitations. In the coming decades, nanotechnology will remain a
rapidly expanding field and more promising outputs will be translated. With continually
emerging novel technologies, nanomaterial-based drug delivery systems have the potential to
cure currently incurable bone diseases.
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Highlights

. The most representative nanomaterials for bone drug delivery are
summarized.

. Nanomaterials can target bone by oral, implant, injectable, and transdermal
route.

. Nanodelivery systems can target bone cells and subcellular organelles.

. Outlooks and hurdles for clinical translation of nanodelivery systems are
discussed.
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Figure 1.
Examples of nanomaterials for bone drug delivery. The inorganic nanomaterials include

titanium nanotubes, gold nanoparticles, calcium phosphate nanoparticles, and mesoporous
silica nanoparticles. The organic nanomaterials include chitosan nanoparticles, poly(L-
lactide-co-glycolide) (PLGA) nanoparticles, and liposomes. These nanomaterials can
selectively target bone tissues and cells to deliver drugs. Abbreviation: MSC, mesenchymal
stem cell.
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Figure 2.
Types of nanomaterial for applications in bone drug delivery. (a) Alendronate (Alen)-loaded

titanium nanotubes (TNTs) were able to promote bone formation in a rabbit osteoporosis
model. (i) Fabrication of hydroxyapatite (HA)-coated TNTs for local delivery of Alen. (ii)
Hemotoxylin and eosin (H&E) images of TNT-HA and TNT-HA-Alen, showing more newly
formed bone in the TNT-HA-Alen group (blue arrows). (b) Delivery of the drug curcumin
using BCD-functionalized gold nanoparticles (GNPs) to inhibit osteoclast differentiation. (i)
Schematic of the GNPs with BCD-curcumin inclusion complexes for intracellular delivery of
the drug. (ii) Dose-dependent reduction of TRAP expression with administration of GNPs
functionalized with BCD-curcumin. (c) Delivery of the gene encoding bone morphogenetic
protein 2 (BMP2) using chitosan (CS)-polyethylenimine (PEI) nanoparticles to promote
bone formation. (i) CS-PEI nanoparticles can efficiently transfect osteoblasts with the BMP2
gene. (ii) CS-PEI/BMP-2 promotes mineralization, determined by Alizarin red staining 21
days after transfection. Mineralization was quantified by adding cetylpyridinium chloride.
(iii) Implantation of the CS-PEI/BMP-2 collagen scaffolds promoted new bone formation,
determined by H&E staining. (d) The coating of bone implants with calcium phosphate
(CaP) nanoparticles (CPNs) and bisphosphonates (BPs) can improve their integration with
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bone tissue. (i) Using the electrospray deposition technique, the surface of bone implants can
be functionalized with CPNs and BP. (ii) Histological sections of bone tissue demonstrated
that CPN and/or BP functionalized implants form direct contact with bone tissue. Scale bars
=500 Mm (left) and 50 Mm (right). (iii) Micro-CT images of bone tissue after 4 weeks with
noncoated and coated bone implants demonstrated improved bone volume percentage.
Reproduced, with permission, from [47] (a), [50] (b), [67] (c), and (d) [110].
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Figure 3.
Nanotechnology-based administration strategies for bone drug delivery. (a) Chitosan (CS)

nanocarriers for the oral delivery of iron-saturated bovine lactoferrin for osteoarthritis
treatment. (i) Fluorescence intensity of a Cy5.5-labeled nanocarrier comprising an alginate-
enclosed CS-calcium phosphate (CaP) nanocarrier, encapsulated with Fe-bLf (AEC-CaP-Fe-
bLf-NC) demonstrated localization in joint cartilage (arrows). (ii) Histological analysis of
joints illustrated that AEC-CaP-Fe-bLf-NC improved cartilage regeneration and had
antiarthritic effects. (b) Electrospun nanofibrous scaffolds for the dual delivery of growth
factors to promote bone regeneration. (i) Sequential release of FGF-2 from the core-shell
structure of nanofibrous scaffold, followed by release of FGF-18 from mesoporous silica
nanoparticles. (ii) Micro-CT analysis of improved bone formation after dual delivery of
FGF-2 and FGF-18 from a nanofibrous scaffold. (c) Injectable delivery of bone
morphogenetic protein 2 (BMP-2) using thermosensitive hydrogels. (i) Thermosensitive poly
(phosphazene) hydrogels promoted BMP-2 release from dual-interacting polymeric
nanoparticles (D-NPs) at physiological temperatures. (ii) Cumulative release of BMP-2 from
D-NPs in vitro. (iii) X-ray of the site of injection of hydrogels, and micro-CT analysis of
new bone formation. (d) Transdermal delivery of methotrexate (MTX)-loaded lipid
nanocarriers (LNCs) for rheumatoid arthritis treatment. Local application of gel containing
MTX-loaded LNCs on rat paws reduced the severity of inflammation. Reproduced, with
permission, from [92] (a), [104] (b), [113] (c), and [115] (d).
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Figure 4.
Cellular and subcellular delivery strategies for bone disease therapy. (a) Aptamer-

functionalized lipid nanoparticles (LNPs) for the anabolic treatment of osteoporosis (OP). (i)
LNPs functionalized with aptamer (CH6) for osteoblast (OB)-specific delivery of casein
kinase-2 interacting protein-1 (CKIP-1) small interfering (si)RNA. (ii) CH6-LNP-siRNA
can preferentially accumulate in bone tissue (femur), indicated by fluorescent intensity of
Cy3-labeled siRNA. (iii) The 3D microarchitecture of proximal tibia was improved 14
weeks after the addition of CH6-LNP-siRNA in OP rats. Scale bar = 1 mm. (b) Bone
microenvironment-targeted delivery of bortezomib for myeloma therapy. (i) Poly(L-lactide-
co-glycolide) (PLGA)-polyethylene glycol (PEG) nanoparticles functionalized with
alendronate (Alen) for bone-specific targeting. (ii) Intracellular uptake of Alexa647-labeled
nanoparticles in GFP+MMLS cells. Scale bar =5 Mm (iii) Pretreatment of bortezomib-load
PLGA-PEG-Alen nanoparticles reduced tumor burden in mice after 29 days. (c) Silica
nanoparticles promoted osteogenesis via the stimulation of autophagy. (i) Silica
nanoparticles interact with autophagy factors (p62) to stimulate autolysosome formation. (ii)
TEM images of silica nanoparticles (NP1) localized in autolysosome structures. Scale bar =
1 Mm (iii) Alizarin red S staining of MC3T3-E1 OBs after 14 days of treatment with NP1.
(d) Targeting of miR-29b-loaded gold nanoparticles (GNPs) to the endoplasmic reticulum
(ER) for promoting osteogenic differentiation. (i) GNPs functionalized with
polyethylenimine (PEI) for intracellular delivery of miR-29b. (ii) Immunofluorescence
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staining of nuclei (blue), ER (green), and Cy3-miR-29b (red), illustrating the localization of
GNPs/Cy3-miR-29b to the ER of hMSCs. Scale bar = 25 Mm. (iii) TEM images of GNPs
agglomerated in the ER of hMSCs after 14 days. Scale bar = 1 Mm. (iv) Alizarin red
staining of MC3T3-E1 OBs after 21 days of treatment with GNPs/miR-29b. Reproduced,
with permission, from [125] (a), [129] (b), [131] (c), and [138] (d).
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Figure 5.
Intracellular delivery strategies for bone drug delivery. Nanoparticles can be functionalized

with ligands, such as the SDSDD peptide or CH6 aptamer, to promote cell-specific delivery
through ligand-receptor binding at the cell surface [118, 125]. The use of pH-sensitive
nanomaterials, such as gelatin-based micelles, can promote targeted drug release after
internalization in acidic lysosomes [143]. Gold nanoparticles can deliver miRNA and
accumulate in the endoplasmic reticulum for enhanced osteogenesis [138]. The stimulation
of autophagosome formation by bioactive silica nanoparticles can also promote osteogenesis
[131].
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