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ARTICLE INFO ABSTRACT
Keywords: Bone and joint diseases are debilitating conditions that can result in significant functional impairment or even
Metal-based nanoparticles permanent disability. Multiscale metal-based nanocomposites, which integrate hierarchical structures ranging
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Clinical translation

from the nanoscale to the macroscale, have emerged as a promising solution to this challenge. These materials
combine the unique properties of metal-based nanoparticles (MNPs), such as enzyme-like activities, stimuli
responsiveness, and photothermal conversion, with advanced manufacturing techniques, such as 3D printing and
biohybrid systems. The integration of MNPs within polymer or ceramic matrices offers a degree of control over
the mechanical strength, antimicrobial efficacy, and the manner of drug delivery, whilst concomitantly pro-
moting the processes of osteogenesis and chondrogenesis. This review highlights breakthroughs in stimulus-
responsive MNPs (e.g., photo-, magnetically-, or pH-activated systems) for on-demand therapy and their inte-
gration with biocomposite hybrids containing cells or extracellular vesicles to mimic the native tissue micro-
environment. The applications of these composites are extensive, ranging from bone defects, infections, tumors,
to degenerative joint diseases. The review emphasizes the enhanced load-bearing capacity, bioactivity, and tissue
integration that can be achieved through hierarchical designs. Notwithstanding the potential of these applica-
tions, significant barriers to progress persist, including challenges related to long-term biocompatibility, regu-
latory hurdles, and scalable manufacturing. Finally, we propose future directions, including machine learning-
guided design and patient-specific biomanufacturing to accelerate clinical translation. Multiscale metal-based
nanocomposites, which bridge nanoscale innovations with macroscale functionality, are a revolutionary force
in the field of biomedical engineering, providing personalized regenerative solutions for bone and joint diseases.

This article is part of a special issue entitled: Multiscale Composites published in Materials Today Bio.
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Y. Wang et al.
1. Unmet medical need for bone and joint disease treatment

Bones serve load-bearing functions and provide structural support to
the body. They are connected by joints, which play crucial roles in
smooth, pain-free articulation. Disorders affecting human bone and joint
systems are highly prevalent and substantially affect individuals,
healthcare systems, and the global economy [1,2]. In 2020, musculo-
skeletal disorders are projected to become the second leading cause of
non-fatal disability, affecting more than 163 billion people worldwide
[3] (see Tables 1 and 2).

Osteoporosis is a bone disorder characterized by low bone density
and degeneration of bone microarchitecture, which ultimately results in
weaker bones and an increased risk of fracture [4]. It is the most prev-
alent bone disease and a significant public health concern. From 1990 to
2019, the global number of deaths and disability-adjusted life years
attributable to low bone mineral density (also called osteopenia)
increased from 207,367 to 8.6 million to 437,884 and 16.6 million,
respectively [5].

Osteosarcoma (OS), the most prevalent form of bone cancer among
children, has its origin in the cells responsible for bone formation [6]
and typically manifests during the growth spurt in early adolescence [7].
OS most frequently manifests in the vicinity of the knee joint, particu-
larly in the tibia (shinbone), femur (thighbone), or humerus (upper arm
bone) in proximity to the shoulder [8]. The incidence rate of osteosar-
coma varies depending on several factors, including age, race, and sex.
The incidence rate is approximately 5.2 per year per million individuals
aged 0-19 years [9]. The reported age-adjusted incidence rates per
million were 1.9, 6.7, 1.9, and 2, respectively, for age groups 0-9 years,
10-24 years, 25-59 years, and 60 years or above [10]. The primary
prognostic factor in OS is stage, with metastatic OS exhibiting a mark-
edly inferior prognosis compared to localized disease. The most common
metastatic site is the lung (61 %), followed by bone (15.8 %), lung and
bone (13.9 %), and other sites [11]. Individuals with lung metastases
have the poorest prognosis, with a survival rate of less than 30 % at the
three-year mark. Fractures can potentially indicate a more aggressive
condition [12]. Patients who experience fractures have a higher rate of
lung metastasis, both during initial presentation and after treatment
[13].

Osteomyelitis is defined as a bone infection caused by either bacteria
or fungus [14]. Osteomyelitis can manifest in any bone in the human
body. However, it most commonly affects the long bones of the legs and
arms. The infection can disseminate to the bone via the bloodstream or
from adjacent tissues [15]. Furthermore, major features of osteomyelitis
include the formation of a biofilm, intracellular infection, invasion of the
canaliculi network, and forming Staphylococcus abscess communities
(SAQ). Unfortunately, antibiotic treatment and immune responses often
prove ineffective against bacteria in these areas, leading to the persis-
tence of chronic recurring osteomyelitis and a shift in bone remodeling
toward osteolysis [16].

Critical-sized bone defects, defined as those that are unable to heal
spontaneously, is associated with a considerable disease burden [17].
Defects exceeding 2.5 cm in size present a considerable challenge to
treatment and have a poor healing history [18]. These defects may arise
in a number of clinical scenarios, including trauma, infection, and tumor
removal [19]. The current standard of care often employs the use of
bone grafts and growth factors, including vascular endothelial growth
factors (VEGFs), fibroblast growth factors (FGFs), and bone morpho-
genic proteins (BMPs) [20]. Autologous bone grafts remain the gold
standard for critical-size bone defects. However, they have limited
availability and can cause potential donor-site morbidity [21]. Allo-
grafts, despite their higher availability, have lower osteoinductivity and
are associated with risks of disease transmission and immune rejection
[22]. Although growth factors have been demonstrated to be effective in
bone healing, their utilization is constrained by several factors,
including their high cost, short half-lives, slow tissue penetration, and
inability to regenerate large-size bone defects [23,24].

Table 1
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Stimuli-responsive MNPs and their applications in joint and bone disorders.

Stimulation

NPs

Mechanism

Disease
model

Ref

Enzyme-
mimic

Light

Pt-Se NPs

Albumin-CeO,
NPs

CeO,@Ceb

Triam-Au NPs

HA@RH-CeOx
micelle

HPB nanozymes

CeO,-BG scaffold

TiNTA-Ce NPs

MoS,@CS@Dex

Cuy 2S4 NPs

pAuPds NPs

Scavenge ROS and
RNS to promote the
transformation of
M1 macrophages
into the anti-
inflammatory M2
phenotype

Inhibit
inflammation by
reducing hypoxia,
scavenging
excessive ROS, and
restoring the
misbalance of M1/
M2 macrophages
Kill bacteria,
eliminate ROS, and
promote M2
polarization of
macrophages
Enhance the FLS
anti-inflammatory
function and
macrophage
repolarization
Relieve oxidative
stress in M1
macrophages while
inhibit TLR4
signaling, therefore
promoting
repolarization to
M2 phenotype
Inhibit ROS and
NF-kB signaling to
remodel the
microenvironment
to protect
chondrocytes
Relieve oxidative
stress, enhance
mineral deposition,
and promote
alkaline
phosphatase
activity along with
osteogenic gene
expression

Protect cells
against HyOo-
impaired cell
viability and
osteogenic
differentiation
Extend the dwell
time of Dex in the
joint cavity while
reducing cartilage
erosion caused by
TNF-o and IL-1
Preserve bone and
cartilage, reduce
synovial invasion,
thereby enhancing
anti-inflammatory
effects

Promote the
expression of
Hsp47 and BMP2
while enhancing
cell proliferation
and bone
regeneration

OA

OA

Bone defect

Osteomyelitis

Osteoporosis

OA

Bone defect

[135]

[137]

[136]

[138]

[139]

[134]

[140]

[142]

[152]

[149]

[156]

(continued on next page)
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Table 1 (continued)
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Table 1 (continued)

Stimulation ~ NPs Mechanism Disease Ref Stimulation ~ NPs Mechanism Disease Ref
model model
AuNC Bind with Bone defect [157] promotes M2
cytokines to inhibit polarization of
the inflammatory macrophages to
response while resist inflammation
enhance RvD1- pDA-Ag Kill bacteria while Bone defect [193]
induced enhancing cell
polarization of M2 adhesion,
macrophages to proliferation, and
promote bone bone formation
regeneration HMPBzyme Inhibit the OA [205]
PA/Pt NPs Enhance targeting (O [158] expression of HIF-
and anticancer [159] 1a and reduces
activity while ROS levels, thereby
inhibiting bone inhibiting
resorption oxidative damage
TiO5/MoS,/PDA/ Generate ROS to Osteomyelitis [160] and alleviating
RGD nanorod rapidly kill hypoxia to
arrays bacteria while suppress
improving cell inflammation and
adhesion, reduce cartilage
proliferation, and degeneration
osteogenic . I . K ] -
differentiation Abbreviations: OA = osteoarthritis; Pt = platinum; Se = selenium; ROS =
Magnetic PM NPs Inhibit the Bone defect, [174] reactive oxygen species; RONS = reactive nitrogen species; MnO, = manganese
field expression of oS dioxide; CeO, = cerium oxide; Ce6 = chlorin e6; Triam = triamcinolone; FLS =
autocrine motility fibroblast-like synoviocytes; HA = hyaluronic acid; RH = rhein; HPB = hollow
factor, promote Prussian blue; BG = bioactive glass; OS = Osteosarcoma; RA = Rheumatoid
cancer cell arthritis; TINTA = TiO, nanotube array; MoS; = Molybdenum disulfide; CS =
apﬁptomsl; and chitosan; Dex = dexamethasone; Cu = Copper; S = sulfide; Au = nanogold;
Z:Sj:w one pAuPds = porous AuPd alloy; AuNC = gold nanocage; PA = phytic acid; TiOy =
regeneration Titanium dioxide; PDA = polydopamine; RGD = arginine-glycine-aspartic acid;
ADT-loaded Intratumorally 0s [175] PM = Piezo-Magnetic; ADT = anethole dithiolethione; MagGel = magnetic
magnetic convert to HyS nanocomposite hydrogels; Fe = iron; ZnO = zinc oxide; PBA = 3-carbox-
nanoliposome bubbles that can yphenylboronic acid; NG = naringin; KGN = kartogenin; HMZC = hollow
explode to ablate mesoporous CeOx; Cat = catechin; AL = acetal linker; pDA = polydopamine;
tumor tissue HMPB = hollow-structured manganese Prussian blue.
Ti-Fe NPs Accelerate the Bone defect [176]
formation of the " i . X .
extracellular Osteoarthritis (OA) is the most common joint disease worldwide,
mineralized matrix affecting approximately 500 million people and leading to physical
by increasing cell disability and reduced quality of life [25]. The causes of OA are multi-
pmhfe:fmo" and factorial and include genetic factors, obesity, joint injury and metabolic
romotin; . . . . .
Esteogenii disorders [26]. An imbalance between biochemical and mechanical
differentiation factors leads to increased production of inflammatory factors in the
pH Ti-ZnO-PBA-NG Demonstrate good ~ OS [196] synovial fluid, initiating the pathogenesis of OA. Inflammatory factors
NPs Migel long-term such as tumor necrosis factor (TNF-a) and interleukin (IL-1p) induce
capability, inhibit . . . . . .
bacterial biofilm chondrocyte apoptosis, leading to cartilage degradation, particularly in
formation, produce the knee [27]. In the treatment of OA, acetaminophen and non-steroidal
ROS to activate the anti-inflammatory drugs (NSAIDs) are commonly used for symptomatic
ERK signaling relief, but both have associated adverse effects [28,29]. For example,
path‘:’aY to ”(‘)Céuce NSAIDs, while effective, are associated with gastrointestinal problems
apoptosis in . . . o
cells ranging from dyspepsia to ulcers with complications [30].
C-TherMods Protect normal 0s [194] Another type of arthritis, rheumatoid arthritis (RA) is a chronic
cells while induce autoimmune disease-causing inflammation of the synovial membrane,
ROS mEdla‘fed excessive autoantibody production, and cartilage and bone damage. RA
351(;: osis of cancer incidence is estimated at approximately 0.5-1 % [31], leading to joint
KGN@HMZC@HA  Eliminate ROSand ~ OA [195] inflammation, polyarticular synovitis, bone erosion, cartilage degrada-
oxygen to tion, impairments, and reduced quality of life [32]. Current under-
transform standing of the pathogenesis of RA is incomplete, resulting in a lack of
Eal':’;phafes frtom established treatment options [33]. Early diagnosis and intervention are
€no e to ey s . . .
M2 ihenotge critical for effective treatment. Researchers are exploring new bio-
Fe-cat NPs Deliver catechins Osteoporosis [189] markers to aid in this process. RA treatment includes drugs such as

within cells to
enhance
osteogenic
differentiation
while inhibiting
adipogenic
differentiation and

leflunomide, methotrexate, sulfasalazine, and hydroxychloroquine [34].
However, these drugs have some common side effects, including
gastrointestinal disorders [35], pulmonary arterial hypertension [36],
headache [37], heart failure [38], and cardiomyopathy [39]. There re-
mains an urgent need for innovative approaches to the treatment of OA
and RA.
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Table 2

Different types of MNPs and their use for treating joint and bone disorders.

Material

NPs

Disease
treated

Mechanism(s)

Ref

Gold

Silver

Iron

CUR-CGNPs

Nanocomposite
cements with
AuNPs

EGCG-Au-Ag

HA-AuNP/TCZ

Chitosan/agar/

Ag NPs

Rhizophora
apiculate-Au
hydrosol

Ag NPs

PC-miR-148b-
SNP

Ag@AMP/SF

FA-Ag NPs

MgO-Ag,0
hydrogels

Ti-Fe NPs

Fe-Cur NPs

Osteoporosis

Bone

infection

OA

Osteoporosis

0os

Osteomyelitis

Bone defect

Bone defect

Bone defect

Bone defect

OA

Inhibit RANKL
signaling to suppress
osteoclast
differentiation
Enhance the
mechanical
properties of bone
cement, and improve
antibacterial
performance

Induce cartilage
regeneration through
anti-oxidative
properties and
reduction of
chondrocyte
apoptosis

Protect and lubricate
articular surfaces
through anti-
angiogenic effects,
and interfere with IL-
6 in the pathogenesis
of RA

Maintain calcium
homeostasis while
eliminating ROS to
promote collagen
formation
Strengthen oxidative
stress to promote
cancer cell apoptosis
Destroy the basic
skeletal structure of
bacterial cell walls
Promote osteogenic
differentiation of
hASC and closure of
mouse calvarial
defects

Generate ROS to
damage bacterial cell
membranes while
promoting adhesion,
spreading, and
proliferation of
BMSCs, thereby
promoting
osteogenic
differentiation
Eliminate ROS to
induce M1
macrophage
reduction and M2
macrophage
polarization
Promote the
proliferation and
differentiation of
osteoblasts while
ensuring good
antibacterial ability
Promote bone
regeneration to
shorten the time
required for bone
integration
Eliminate ROS while
activating Nrf2
signaling and inhibit
NLRP3 signaling to
reduce the
production of matrix

[233]

[294]

[364]

[388]

[407]

[277]

[289]

[408]

[325]

[401]

[326]

[176]

[409]

Table 2 (continued)
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Material NPs

Disease
treated

Mechanism(s)

Ref

Alendronate-10

NPs

Fe304 NPs

Cerium

Cerium oxide

NPs

Cerium oxide

NPs

Manganese

MnO, NPs

FAPi-MnO2
hydrogel

Copper

CuTA@SF

TiNTA-Ce NPs

MFC-MSN

CuS@PC

Osteoporosis

Bone
infections

Osteoporosis

Osteoporosis

Osteomyelitis

Osteoporotic
bone defects

OA

Bone defect

degrading proteases
and inflammatory
mediators

Eliminate ROS to
promote osteogenic
differentiation and
inhibit osteoclast
differentiation
Reduce bacterial
adhesion and inhibit
bacterial biofilm
formation while
promoting the
adhesion,
proliferation, and
differentiation of
BMSCs

Eliminate ROS and
protect cell vitality to
promote osteogenic
differentiation
Increase the
osteogenic effect of
MSCs and promote
endothelial
progenitor cell
angiogenesis
Eliminate ROS while
killing bacteria to
promote osteogenic
effects

Eliminate ROS to
promote M2
polarization of
macrophages
Reduce the loss of
glycosaminoglycans
and the release of
nitric oxide while
inhibiting the
inflammatory
microenvironment to
protect chondrocytes
Eliminate ROS,
promote M2
polarization of
macrophages, and
alleviate
inflammation, and
thereby enhancing
osteogenic activities
and inhibit
osteoclastogenesis
Promote gene
expression for
cartilage formation,
glycosaminoglycan
deposition, and type
II collagen formation
while inhibiting IL-
1p-induced
extracellular matrix
degradation
Regulate
intracellular ROS
levels, upregulate the
expression of EGR1,
TAGLN, and CSRP1
to enhance the
proliferation of
BMSCs and
chondrocytes, and
inhibit the growth of
staphylococcus
aureus.

[228]

[296]

[142]

[223]

[299]

[395]

[133]

[410]

[380]

[378]

(continued on next page)
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Table 2 (continued)
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Table 2 (continued)

Material NPs Disease Mechanism(s) Ref Material NPs Disease Mechanism(s) Ref
treated treated
Magnesium  BP-Mg Osteoporosis Exhibit a powerful [243] IL-6, and iNOS) and
Mg capture ability reduce oxidative
while promoting the stress while
expression of ALP, inhibiting
Runx2, e-NOS, and inflammatory cell
VEGF to enhance infiltration
osteogenesis and ZnO NPs Osteoporosis Effectively kill [236]
vascular bacteria while
regeneration promoting the
MgO NPs- Bone defect Promote M2 [320] proliferation,
carried artificial polarization of differentiation, and
periosteal peripheral mineralization of
bandage macrophages and osteoblast-like cells
upregulate anti- ZnO NPs RA Downregulate IL-1 B, [399]
inflammatory factors TNF - a, IL-10, total
such as IL-4 and IL- white blood cell
10, while fostering count, and anti-CP to
new bone formation, improve
enhancing the autoimmunity
proliferation and . . R R
migration of Abbreviations: OA = osteoarthritis; CUR = curcumin; CGNPs = f-cyclodextrin
endothelial cells, and (CD) conjugated gold nanoparticles; DE = dendrimer-entrapped; EGCG = epi-
promoting gallocatechin gallate; OS = Osteosarcoma; HA = hyaluronic acid; RA = Rheu-
angiogenesis and matoid arthritis; TCZ = tocilizumab; PC = photoactivated; SNP = silver
neuronal growth nanoparticles; AMP = antimicrobial peptides; SF = silk fibroin; FA = folic acid;
Platinum DOX-Pt NPs 0s Upregulate lactate [280] Agar = agarose; Cur = curcumin; 0 = iron oxide; TINTA = TiO2 nanotube
;ie}I(ydrogenase array; MFC = manganese ferrite and ceria; MSN = mesoporous silica nano-
f;:ri:;ol:los particles; FAPi = fibroblast activating protein inhibitor; CuS = cupper sulfide;
fnalon dialciehy de PC = phosphatidylcholine; CuTA@SF = Cu-Tannic acid @ silk fibroin; CuO QDs
nitric oxide, and ’ = copper oxide quantum dots; BP = bisphosphonate; DOX = doxorubicin; GDY
carbonylated protein = graphdiyne; BSA-ZNPC = bovine serum albumin-zinc phthalocyanine; ZG-
levels to promote Chit = zinc gluconate-loaded chitosan; CS = chitosan; PEG = poly ethylene
mitochondrial glycol; HAp = hydroxyapatite.
damage and
apoptosis in cancer L. . .. L. .
cells In cases of bone and joint disorders, the body’s intrinsic capacity to
Titanium Ti-Fe NPs Dental Effectively kill [176] repair damaged tissues is often insufficient, leading to discomfort and
Implantation  bacteria while restricting the patient’s mobility, locomotion, and daily activities [40].
promoting the Currently, the clinical management of bone and joint disorders pre-
proliferation and . . . . .
differentiation of dominantly necessitates surgical procedures involving grafts and scaf-
osteoblast-like cells folds [41]. However, there is a dearth of non-invasive, efficacious
Ti-Au NPs Osteoporosis ~ Upregulate [411] therapeutic options for bone and joint regeneration [42,43]. The pursuit
osteogenic of advanced treatment strategies for bone and joint disorders offers
differentiation- considerable potential for enhancing patient outcomes and alleviating
related genes such as he elobal b . ith th .
COL1, Runx2, and the global burden associated with these conditions.
OPN to promote Nanotechnology has emerged as a highly promising avenue for
osseointegration of diagnosing and treating skeletal diseases [44-46]. Advances in biology
implants and nanotechnology have driven the development of stem cell-based
GDY-TiO2 Implant Generate ROS to kill [305] . .. . . .. . .
e o regenerative medicine by promoting cell differentiation into desired
infection bacteria while .
promoting cell functional cells such as osteoblasts and chondrocytes [47]. Among the
adhesion, various methods employed to modulate stem cell behaviors, metal-based
differentiation, and nanoparticles (MNPs) have gained significant attention as bioactive
. osteogeness agents for bone and cartilage regeneration [48]. It is noteworthy that
Zinc BSA-ZnPc 0S Promotes NP uptake [272] MNP d of gold (A il A A ide (FeO .
by tumor cells to \ s composed o go' ( u?, silver (Ag), iron .ox1 e(' e0), magnesium
induce ROS oxide (MgO), and cerium oxide (CeO) have gained widespread use due
production, thereby to their high biocompatibility, favorable physicochemical properties,
downregulating p- facile surface modification, and diverse biological activities that influ-
AKT, p-mT . . .
265 ’sil;; :;11::: and ence cell fate [47,49]. Using MNPs in bone and cartilage grafts has
pathways, enhancing demonstrated improved cartilage formation and bone regeneration
CDS8 T cell-induced [50-52]. These MNPs contribute to a favorable environment for skeletal
immune responses, repair and regeneration, making them a promising therapeutic approach
promoting tumor cell in the field of regenerative medicine [53,54]. Moreover, they have
autophagy, and d d . . ds b derived ls. furth
inhibiting their emonstra}te to?(1c1ty tqwar s one—. erive . c:?mcer cells, .urt er
proliferation and underscoring their potential therapeutic applications for treating OS
invasion [54-57].
ZG-CS NPs RA .Dct)lwnregulate [3971 Among the various types of NPs, MNPs offer distinctive advantages
inflammatory

biomarkers (TNF - o,

over lipid-based NPs and polymeric NPs. MNPs exhibit remarkable ca-
pabilities in targeted delivery of drugs, antibodies, growth factors, and
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nucleic acids, as illustrated in Fig. 1A [58,59]. The surface of MNPs can
be easily functionalized, allowing for the conjugation of single or mul-
tiple drugs and active biomolecules through a variety of interactions,
including hydrogen bonding, covalent bonding, and electrostatic in-
teractions [60-62]. Consequently, MNPs generally possess a higher
drug-loading capacity than lipid-based NPs and polymeric NPs [63].
Additionally, many biocompatible compounds and substances derived
from natural sources employed in the oxidation/reduction processes can
be incorporated [64]. Furthermore, MNPs exhibit significant potential in
delivering both hydrophobic and hydrophilic drugs with high efficiency
[65], whereas polymeric NPs and lipid-based NPs are often less effective
for carrying hydrophilic drugs [66].

This review aims to examine the biological functions of various
MNPs, focusing on those composed of Au, Ag, iron (Fe), zinc (Zn),
cerium (Ce), titanium (Ti), manganese (Mn), magnesium (Mg), and
copper (Cu) as well as their nanocomposites. This analysis is based on an
in-depth examination of the existing literature on the subject. While
several review articles have discussed nanotechnology-based ap-
proaches for treating bone and joint disorders, focusing on different
types of MNPs and different types of disorders, our review is distinctive
in that it comprehensively discusses multiple types of MNPs and

A) Metallic nanoparticles & responsive stimuli

Materials Today Bio 32 (2025) 101773

encompass various bone and joint disorders. Furthermore, we discuss
the modification of NPs with drugs and proteins and the integration of
NPs into implants, injectable hydrogels, and biofabricated scaffolds to
generate nanocomposites targeting bone and joint conditions (Fig. 1B).
The aim is to address significant gaps in knowledge that warrant further
investigation, and to offer promising avenues for elucidating the
mechanisms underlying bone and joint disorders and their interactions
with MNPs, thereby facilitating the development and clinical translation
of effective MNP-based treatments.

2. Metal-based biomaterials treating bone and joint diseases:
from implants to NPs

Biomaterials, including metals, ceramics, and polymers, are exten-
sively utilized in bone and joint therapies for treating tissue repair dis-
order conditions such as OA, RA, osteoporosis, and OS [67]. One of the
first bone implants was constructed from ivory was affixed to bone with
nickel-plated nails and a combination of pumice, resin, and plaster [68,
69]. Subsequently, a variety of metals, including nickel (Ni), chromium
(Cr), molybdenum (Mo), Mg, Fe, Mn, and Cu, and their alloys were used
for bone and joint grafts [70-72]. These materials are designed to mimic

External Stimuli Internal Stimuli

1
¢ ]
- Ao ' 50
fe 0 b 8 oo
o 1 " Heat Ultrasound pH Redox
i .
Mesoporous Drug coated Growth factor Chiral Nanozyme | .:
nanoparticles nanoparticles loaded nanoparticles nanoparticles ' Light Magnetic Enzyme
field activity
B) Application in tissue engineering and therapeutic mechanism Y ® T
M2
Cancer A - {
Nanoparticles 2D mono- cell Mo
l’ coated Implants culture Bacterial apoptosis M1
biofilm Metastasis
elimination Macrophage inhibition Wound
=~ polarization healing
2 Injectable Organoids T
hydrogels S g > ? ‘ t
ts o Bone/Joint l l . Osteogenesis l
3D/4D printed — hi ROS Chondrogenesis Reduce
scaffolds . . on-a-chip scavenging DNA
Cell o damage
proliferation [T 9
A A A A S . and I
Microneedle Animal models differentiation
patches
C) Healthy joint & bone and disease models
Spongy bone 1 “»"
Metaphyseal artery
Articular capsule—¢ Marrow cavity 7
Compact bone
Cartilage — \ ) A Il > Bone Osteosarcoma Bone
Joint cavity— ) Fariostesl sctaries A;\ fracture infection
| Nutrient artery
Synovial—s
”
membrane & D (g ?
Periosteum
Osteoarthritis  Rheumatoid Osteoporosis
ol arthritis

Fig. 1. NP- and nanocomposite-based approach for treating bone and joint disorders. (A) Cargo-loaded metal-based nanoparticles (MNPs) and highly
promising metal-based/containing chiral NPs and nanozymes are shown. MNPs can respond to stimuli such as light, magnetic field, temperature, and pH. (B)
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native bone by balancing biocompatibility, corrosion resistance, fatigue
strength, and elastic modulus, with longevity prioritized to minimize
revision surgeries [68]. For instance, nickel, chromium, and molybde-
num alloys are frequently employed in artificial joints due to their me-
chanical robustness and corrosion resistance [70,73-75]. Cobalt-based
alloys have improved biocompatibility due to the presence of a protec-
tive chromium oxide layer [76]. However, their high modulus
frequently causes stress shielding, which can result in bone resorption
and implant loosening [77]. Austenitic stainless steel (Fe-Cr-Ni-Mo)
offers excellent corrosion resistance and favorable tissue interaction [78,
791, but the excessive release of cobalt, chromium, or nickel ions has
been demonstrated to be deleterious to organs and blood cells [80].

Ti and its alloys (e.g. nitinol) are widely used metallic materials for
dental and joint implants due to their biocompatibility and ability to
promote bone regeneration [68,78,81-85]. Tantalum (Ta) is often
covered by a corrosion-resistant Ta;Os layer and supports osteoblast
proliferation, though its high cost and mechanical mismatch with native
tissue limits broader applications [86-91]. Zirconium (Zr) alloys have
been found to induce the formation a bone-like apatite layer and are
considered promising materials as orthopaedic implants [92,93]. Mg
alloys are particularly attractive for biodegradable implants due to their
biocompatibility and ability to minimize inflammatory responses and
stress shielding [94-971. The release of Mg?" ions by magnesium im-
plants has been shown to promote angiogenesis and osteogenesis [98,
99]. However, their rapid corrosion in physiological environments can
lead to premature mechanical failure, hydrogen gas accumulation, and
local pH increases [100-102], highlighting the need for advanced stra-
tegies to control their degradation.

A key limitation of traditional metallic implants is the difficulty in
incorporating bioactive molecules or cells, which is less of an issue for
ceramics or polymers [103]. Furthermore, high concentrations of trace
elements, such as manganese and silicon, used in alloys pose risks of
toxicity, neurodegeneration, or organ damage [72,104,105]. Of partic-
ular concern are cobalt, nickel, and nickel-chromium alloys, with studies
showing that nickel implantation is associated with sarcoma formation
in rats [106]. These limitations, including mechanical mismatch, cyto-
toxic ion leaching, corrosion-related complications, and biologically
inert properties, underscore the pressing need for advanced
biomaterials.

In this context, MNPs have emerged as transformative solutions.
MNPs address the shortcomings of metallic implants through nano-
engineering. For instance, Mg-based MNPs embedded in a polymeric
matrix have been shown to regulate the degradation rate of the matrix,
release therapeutic Mg, and maintain the scaffold’s mechanical
integrity [100,107]. Their high surface area-to-volume ratio allows for
versatile loading of bioactive molecules (e.g. antibiotics, growth factors,
siRNAs), thus overcoming the inherent bioinertness of most traditional
metallic implants. Furthermore, MNPs interact with biomolecules pre-
sent in biological fluids, altering the intrinsic properties of the original
NPs [108,109]. Dynamic protein coronas on the surface of AuNPs can
also result in cellular metabolic remodeling [110]. Innovative tech-
niques, such as in situ trapping, now allow for real-time analysis of
protein corona formation on MNPs, thus facilitating more rational
nanomaterial design [111,112]. By integrating structural and functional
characteristics with therapeutic delivery capability, MNPs hold the po-
tential to bridge the gap between traditional bioinert implants and
bioactive therapies, positioning them as promising nanocarriers for
treating bone and joint diseases.

3. Stimuli-responsive MNP mechanisms for Bone and joint
therapies

The continuous improvement in human life expectancy in recent
decades has contributed to an increased incidence of numerous age-
related disorders such as osteoporosis, osteomyelitis, bone cancer and
OA. At present, no definitive treatments exist for any of these
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pathologies [113,114], and while various pharmacological therapeutics
can be beneficial in addressing specific conditions, the side effects of
these treatments influence patients’ overall health and daily quality of
life [115,116]. For example, the use of FDA-approved recombinant
parathyroid hormone is restricted to severe cases of osteoporosis and a
maximum treating time of 2 years because of the increased risk of
developing OS as a side effect [117]. Similarly, oral administration of
antiresorptive bisphosphonates has been reported to induce peptic ulcer
and osteonecrosis of the jaw [118]. In OS and similar bone diseases, the
presence of osteoid, which is denser than normal bone tissue, impedes
the delivery of systemically administered drugs to the tumor. This lim-
itation exacerbates the common side effects of systemic chemotherapy
[119].

The challenge in delivering bioactive molecules and drugs to
diseased bone/cartilage tissues is to achieve an optimal compromise
among pharmacokinetic/pharmacodynamic parameters, the adminis-
tered dose, the presence of off-target side effects, and the short- or long-
term therapeutic outcome. To address these challenges, the develop-
ment of advanced nanoscale carriers for the delivery of bone and
cartilage therapeutics via diverse routes of administration has been a
prominent area of research [44,120]. Such nanocarriers have so far been
designed to modify the pharmacokinetics of drugs, improving local
concentration and drug release [121]. Stimuli-responsive NPs have been
investigated in recent years as an approach to bypass the characteristic
burst release profile of nano formulated therapeutics or residual release
during parenteral administration [122]. To achieve controlled release,
stimuli-responsive NPs can be precisely tailored to respond to internal
and external conditions (e.g., magnetic field, light, redox) to finetune
the release of bioactive molecules such as growth factors, antibiotics,
and chemotherapeutic drugs [123].

3.1. Nanozymes mimicking MNPs

Nanozymes are synthetic materials designed to mimic the enzymatic
function of natural enzymes, first recognized in 2007 for their intrinsic
peroxidase activity in Fe3O4 NPs [124]. Engineered nanozymes have
many advantages, including high catalytic activity, tunable catalytic
types, low cost, facile preparation, robust stability, and recyclability
[125,126]. By mimicking natural enzymes such as peroxidase (POD),
oxidase (OXD), catalase (CAT), and superoxide dismutase (SOD),
nanozymes have been employed in various biomedical applications,
encompassing disease monitoring, tumor therapy, antibacterial treat-
ments, and inflammation-induced disease (such as OA) treatments
[127]. In principle, nanozymes could possess an intrinsic capacity to
effectively neutralize reactive oxygen species (ROS) and reactive nitro-
gen species (RNS), modulate inflammatory responses, and demonstrate
properties that actively foster osteochondral regeneration [128,129].

Bone and joint disorders are characterized by perturbations in the
bone microenvironment, such as ROS accumulation, hypoxia and
osteoimmunology. The imbalance in ROS homeostasis is the primary
cause of impaired osteochondral regeneration. Excessive ROS produc-
tion inhibits the proliferation and differentiation of MSCs, disrupting the
homeostasis of normal bone resorption and formation and promoting
the degradation of the cartilage extracellular matrix [130-132]. Nano-
zymes could potentially overcome the imbalance by directly consuming
local ROS. For example, manganese dioxide NPs, with a size of less than
20 nm, were found effective in scavenging ROS through penetrating the
depth of cartilage explants. These NPs were observed to be present in the
extracellular matrix and resident chondrocytes. Furthermore, the NPs
demonstrated chondroprotective properties in cytokine-induced carti-
lage tissue sections, reducing the loss of glycosaminoglycans (GAGs) and
the release of nitric oxide.

Biodistribution and histological analysis revealed that the NPs
aggregated on the cartilage surface and co-localized with the spaces of
chondrocytes, indicating that manganese dioxide NPs may be an effec-
tive method of chondroprotection for OA cartilage [133]. In another
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study, hollow Prussian blue nanozymes (HPBzymes) composed of
Fe-CN-Fe nano-units have shown significant protective effect on chon-
drocytes and delayed the progression of traumatic OA by inhibiting ROS
and Racl/nuclear factor kappa-B (NF-kB) signaling in a rat model as
shown in (Fig. 2A-C) [134]. Additionally, Wei and colleagues synthe-
sized a hybrid Pt-Se nanozyme with potent catalytic activities [135].
These nanozymes act as ROS and RNS scavengers to exert synergistic
effects for OA therapy. The Pt-Se nanozyme has been demonstrated to
exhibit an extremely efficacious scavenging effect on ROS and RNS
levels, thereby promoting the re-polarization of M1 macrophages. The
polarization of synovial macrophages towards M2 macrophages has
been shown to inhibit the expression of pro-inflammatory factors and
restore mitochondrial function in chondrocytes.

The efficacy of several nanozymes in treating RA has been demon-
strated through the emulation of enzymes that target ROS scavenging,
macrophage polarization, and the eradication of bacterial infection. For
instance, a multifunctional nanocomposite was fabricated by coating
photosensitizer chlorin e6 (Ce6) onto nanoceria to study the anti-
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inflammatory and antibacterial effects. This nanoplatform has been
engineered to elicit antibacterial effects through the implementation of
photodynamic therapy (PDT). The CeO, NPs within the nanoplatform
have been shown to catalyst the reaction between superoxide and
hydrogen peroxide by means of the redox cycle reaction between Ce3*
and Ce**. This process has been demonstrated to emulate the behavior
of SOD and CAT, thereby scavenging free radicals and combating
chronic inflammation and oxidative stress. Additionally, the nanoplat-
form is equipped with the ability to regulate the M1 and M2 phenotypes
of macrophages, thereby influencing host immunity, as illustrated in
Fig. 2D and E [136]. In a related study, albumin-CeO NPs were syn-
thesized via a biomineralization process and subsequently combined
with the near-infrared dye indocyanine green (ICG). The therapeutic
efficacy and systemic targeting potential of the NPs were evaluated in a
mouse model of collagen-induced arthritis (CIA). It was found that these
NPs exhibited superior efficacy in converting the proinflammatory
macrophage phenotype to an anti-inflammatory macrophage pheno-
type, along with high activity in scavenging active oxygen and
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Dilution
factor

Fig. 2. Enzyme mimicking MNPs for treating bone and joint disorders. (A) Schematic diagram of the mechanism by which hollow Prussian blue nanozyme
(HPBzyme) protects chondrocytes and delays arthritis. (B) Transmission electron microscope (TEM) images of HBPzyme. (C) HPBzyme delays the progression of OA
in vivo. Low: low-dose HPBzyme group; High: high-dose HPBzyme group. HE = hematoxylin and eosin staining, FG = safranin O and fast green staining, Scale Bar =
500 pm. Adapted under the terms of the CC-BY-NY-ND Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0)
[134]. Copyright 2021, The authors, published by Elsevier. (D) Schematic illustration of cerium oxide-chlorin e6 (CeO,@Ce6) nanocomposite synthesis, and their
antibacterial mechanism and modulation of macrophage polarization. (E) Antibacterial activity CeO2@Ce6 by colony forming unit counts of P. gingivalis and
F. nucleatum biofilms with different treatments. L = light (630 nm) irradiation for 3 min per day. Adapted with permission from Ref. [136]. Copyright 2021, Elsevier.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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enzymatic activity [137]. Furthermore, using CAT-mimicking
Au-Triamcinolone NPs in a study resulted in the transformation of
proinflammatory M1 macrophages into anti-inflammatory M2 macro-
phages by increasing the expression of IL-4, IL-10, and Arg-4. These
findings suggest that Au-Triamcinolone NPs may have the potential to
promote an anti-inflammatory response and repolarize macrophages
towards a more beneficial state in RA, which could in turn facilitate
cartilage healing [138]. ROS-responsive micelle (HA@RH-CeOy) based
on ceria oxide nanozymes and HA biopolymers were designed (Fig. 3A
and B), which precisely delivered nanozyme and the clinically approved
RA drug Rhein (RH) to proinflammatory M1 macrophage populations in
inflamed synovial tissues. Specifically, the Ce>*/Ce*" redox pair pre-
sented SOD-like enzymatic activity and rapidly decomposed ROS and
alleviated the oxidative stress in M1 macrophages, while RH inhibited
the TLR4 signaling in M1 macrophages, both of which could act in a
concerted manner to induce their repolarization into anti-inflammatory
M2 phenotype to ameliorate local inflammation (Fig. 3A) and promote
cartilage repair as shown in Fig. 3C [139].

The integration of cerium oxide NPs (CeOz NPs) into bioactive glass
has resulted in the establishment of a multifunctional therapeutic
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platform that achieves a continuous therapeutic effect against inflam-
mation and promotes osteogenesis in the treatment of bone defects. The
capacity of CeO5 NPs to act as antioxidants is of significant importance
in the alleviation of oxidative stress during the formation of bone defects
[140]. Similarly, CeO, NPs and antibacterial Ag-reinforced hydroxyap-
atite (HAp) composite were found to be effective in ROS scavenging and
antibacterial effects [141]. Pandey and co-workers proposed titania
nanotube arrays infused with cerium NPs (TiNTA-CeNPs) as an ROS
scavenging tool. TINTA-CeNPs were shown to protect pre-osteoblasts
from ROS-induced oxidative stress. The NPs have a high potential for
improving osteogenesis in oxidative stress-related bone disorders when
tested in osteoporotic rat models [142]. Despite the progress so far, some
limitations still impede the further development and application of
nanozymes [133,143,144]. For example, the large-scale production of
nanozymes is susceptible to fluctuations in reaction conditions. Addi-
tionally, the catalytic activity and selectivity of nanozymes remain
inferior to their natural counterparts [144].
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Fig. 3. Metallic nanozymes act as antioxidative and antibacterial agents. (A) Schematic of ceria oxide nanozyme micelles (HA@RH-CeOx) and their redox
homeostasis normalization effects on M1 macrophages in RA microenvironment. (B) Scanning electron microscope (SEM)/Transmission electron microscope (TEM)
images of HA@RH, HA@RH-CeOx, and CeOx; scanning transmission electron microscope (STEM) image and EDX spectra of HA@RH micelles (middle); STEM image
and corresponding EDX spectra of HA@RH-CeOX micelles (bottom). (C) Safranin O staining of cartilage showing the HA@RH-CeOx-mediated increase in sulfated
proteoglycans accumulation in cartilage matrix (green arrows). H&E staining of synovial tissues after different treatments. Blue arrows indicate the synovial
fibroblast proliferation. Masson staining synovial tissues and micro-CT analysis of the bone tissues indicated rough bone surfaces due to bone erosion. (D) Thermal
imaging of the left hind limb of CIA model mice after different treatments, and schematic illustration of the establishment of the RA model and the treatment process.
Adapted with permission from Ref. [139]. Copyright 2023, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)
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3.2. Light-responsive MNPs

Light-responsive nanomaterials represent a nascent class of materials
employed in non-invasive, non-contact, precise, and controllable nano-
devices and in a wide range of biomedical applications, including pho-
tothermal therapy (PTT), drug delivery, and regenerative medicine
[145]. The significance of these light-responsive nanomaterials is being
investigated with the objective of designing light-guided nano-vehicles,
modulating cellular behaviors, and regulating extracellular microenvi-
ronments [146]. Among the various types of light sources, near-infrared
(NIR) light has garnered significant attention due to its capacity for deep
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tissue penetration, minimal damage to surrounding tissues, and conve-
nient remote control capabilities [147]. The use of NIR for phototherapy
in the treatment of inflamed joints is a promising avenue of research due
to its ability to penetrate deeply into the affected area. Currently, there is
significant interest among scientists in the potential of various types of
nanomaterials that respond to NIR, including carbon-based nano-
materials, metal nanostructures, and metal sulfide or oxide nano-
structures [148]. These nanomaterials demonstrate promise for
intra-articular anti-inflammatory therapies that can provide photo-
thermal and photodynamic therapeutic effects comparable to those
observed in anticancer and antibacterial treatments [149,150].
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Fig. 4. Application of NIR responsive MNPs for OA treatment. (A) Preparation of neutrophil-erythrocyte membrane coated, dexamethasone sodium phosphate-
loaded cupper sulfide (CuS) NPs. (B) TEM image of CuS@NR; NR = nanorod. (C) Graphical representation of synthesis and in vivo drug delivery of D-CuS@NR NPs in
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different NP samples examined at different times (1 h, 2 h, 4 h, and 8 h) in bone tissue of C57 mice. Adapted with permission from Ref. [154]. Copyright

2022, Elsevier.
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Several studies underscore the versatility and therapeutic potential
of NIR light-responsive nanomaterials in addressing joint diseases,
including OA and RA, through precise and controlled drug delivery and
therapeutic modulation [149,151]. A photothermal-triggered drug de-
livery platform based on molybdenum disulfide (MoS5) nanosheets has
been developed by researchers. The system can be used to treat OA via
intra-articular injection, in which NIR is used to control the release of
dexamethasone in the affected area [152]. In a further study, Cuy 2S4
NPs were employed as a photothermal agent for PTT and a photosen-
sitizer for PDT. The Cuy 2S4 NPs, when combined with NIR irradiation,
have been observed to achieve superior bone preservation outcomes
while simultaneously inhibiting the progression of inflamed synovial
invasion, cartilage erosion, and the expression of proinflammatory cy-
tokines in CIA models [149]. NIR-responsive Au-NPs is another group of
intensively studied light-responsive nanomaterials. Au-NPs entrapped in
dendrimers coated with methotrexate (Au-DEN-MTX-IR780) were
designed for RA treatment. The study findings demonstrate the
biocompatibility of these NPs on both non-activated and LPS-activated
RAW264.7 macrophages [153]. Similarly, NIR responsive tea-derived
polyphenol modified zirconium-based porphyrin metal organic frame-
work (TP-Au@PCN) was designed by Xu and his co-workers as a
multifunctional nanoplatform for the treatment of OA. The expression of
collagen type II (COL- II) and proteoglycan was observed to increase in
chondrocytes treated with NPs. Injection of TP-Au@PCN effectively
raised the joint temperature and controlled drug delivery under NIR
excitation, which was very helpful for in vivo tissue growth [151].
Copper sulfide NPs coated with neutrophil-erythrocyte hybrid mem-
branes and dexamethasone sodium phosphate NE/D-CuS were studied
to understand their in vitro therapeutic effect in chondrocytes of the
suckling mouse and in vivo with C57 mouse OA model (Fig. 4A-C). These
biomimetic NPs improved have excellent retention time and showed
good anti-inflammatory properties and biocompatibility with chon-
drocytes isolated from mouse (Fig. 4D and E) [154].

Beyond arthritis therapy, NIR light has also been harnessed to
accelerate bone tissue regeneration. The photothermal effect triggered
by NIR irradiation has the potential to achieve non-invasive and
controlled cell differentiation, thereby providing a unique strategy for
bone tissue regeneration [155,156]. Researchers have designed syn-
thetic porous AuPd alloy NPs (pAuPds) as a thermotherapy agent for in
situ bone regeneration via PTT. It was found that after six weeks of PTT
treatment, the area of new bone covering the skull defect reached nearly
97 % [156]. Furthermore, a recent study has confirmed the efficacy of
biomimetic anti-inflammatory nano capsules (BANCs) for bone tissue
repair. These BANCs, when irradiated with NIR light, demonstrated
enhanced efficacy in bone tissue repair through preventing inflamma-
tory response and promoting M2 polarization in in vivo mouse femoral
defect models [157].

Additionally, there have been notable advancements in the utiliza-
tion of NIR-responsive NPs for the targeted treatment of osteolytic le-
sions and bone tumors. These NPs include phytic acid-capped platinum
NPs [158] and trifolium-like platinum NPs (TPNs) [159]. Phytic
acid-capped NPs show high specificity for HAp and a 4-fold higher
accumulation in osteolytic lesions. Their anticancer properties and
photothermal effects effectively inhibit bone tumor growth and associ-
ated osteolysis upon exposure to NIR light. Furthermore, when activated
by NIR light, TPNs exhibit minimal cytotoxicity to normal cells while
demonstrating potent cytotoxic effects against cancer cells in
PC9-BALB/c mouse models, highlighting their potential for targeted
cancer therapy. Recent advances in NIR-based NPs have led to the
development of innovative dual light irradiation systems for the
enhancement of biofilm elimination and promotion of osteointegration
of implants. In this quest, Hang and colleagues developed a biocom-
patible nanorod array on Ti implants that incorporates TiO3, molybde-
num disulfide, polydopamine and arginine-glycine-aspartic acid. These
nanoarrays have the capacity to eradicate bacteria when exposed to 808
nm NIR light. This system has the additional benefit of enhancing the
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osteogenic ability of implants while eradicating biofilms [160]. Another
hybrid system consisting of Bi»S3 nanorods prepared on Ti implant and
loaded with Ag3PO4 NPs (Fig. 5A) also showed good photothermal ef-
fects using BS as photocatalyst. Additionally, the integration of AgsPO4
conferred bacteriostatic capabilities upon the implants, as evidenced in
Fig. 5B-D [161]. To form stable and cost-effective photothermal films on
bone implants, the researchers grew oxide semiconductor films doped
with Ni NPs on NiTiOs in situ. These films have a reliable photothermal
effect under NIR and excellent anti-tumor properties in vitro and in vivo
[162].

The potential of multifunctional PTT, combined with chemotherapy,
immunotherapy, PDT, as well as simultaneous imaging modality, has
also been demonstrated by MNP-based nanoplatforms [152,153,163].
Despite their excellent photothermal efficacy, they still suffer from poor
biodegradability and potential toxicity, which can cause serious side
effects such as long-term organ accumulation. Furthermore, the syn-
thesis and modification processes may employ harsh surfactants (e.g.,
CTAB), which could prove deleterious to human health if not completely
removed. Thus, thorough investigations of pharmacokinetics, bio-
distribution and toxicity of MNPs-PTT agents are critically needed.
Another challenge is to overcome the physical limitation of the light
penetration depth, which is usually less than 1 cm under the skin,
leaving deep tumors and bone beyond effective PTT treatment. To
overcome this hurdle, a possible solution is the development of NIR-II
responsive PTT (1000-1350 nm), which exhibits reduced tissue ab-
sorption and, consequently, enhanced potential for deeper tissue pene-
tration [163,164].

3.3. Magnetic NPs

NPs possess a high surface-to-volume ratio, which enables them to
adsorb proteins or load drugs [165]. At nanoscale, magnetic NPs exhibit
superparamagnetic behavior, enabling precise aggregation in response
to an external magnetic field at a specific location [166]. This targeted
delivery capability is highly advantageous for gene and drug delivery
[167], making magnetic NPs attractive for applications in osteoporosis
[168], OS [169], bone defect [170], and OA [171], which will be dis-
cussed in detail below.

Some studies have shown promising applications of magnetic NPs in
treating arthritic disorders, particularly OA. Jafari and co-workers
coated magnetic NPs with polyethylene glycol (PEG) and demon-
strated their ability in an ex vivo cartilage model under an alternating
magnetic field. The application of magnetic field increased the uptake of
the NPs by nearly 50-fold, suggesting that magnetic fields can poten-
tially enhance the transport and distribution of bioactive agents within
cartilage [172]. In another study, magnetic composite NP made of iron
oxide NPs coated with Dir dye and PEG-polylactic acid (PLA) were
studied for drug clearance efficiency (Fig. 6A and B). The results of EPR
spectroscopy demonstrated that the NP retention rate was higher in
15-month-old mice compared to 5- and 10-month-old mice, indicating
that age influences clearance efficiency. The age factor therefore should
be considered when synthesizing magnetic composites for drug bio-
distribution for the treatment of OA [171]. Moreover, researchers have
integrated magnetic NPs into a hybrid hydrogel for cartilage tissue en-
gineering. For instance, Zhang and colleagues combined polyvinyl
alcohol (PVA)-modified magnetic NPs with a hybrid hydrogel composed
of COL-II, HA, and PEG to develop magnetic nanocomposite hydrogel for
cartilage tissue engineering. Remarkably, this magnetic hydrogel
demonstrated excellent responsiveness to external magnetic fields while
retaining its structural integrity [173].

Additionally, other studies demonstrated the potential of magnetic
NPs in the treatment of bone tumors and their efficacy in enhancing
bone growth. For example, Sasikala and colleagues designed piezo-
magnetic NPs (PMNPs), a nanocomposite system consisting of piezo-
electric barium titanate and superparamagnetic iron oxide NPs [174]. As
shown in Fig. 6C and D, it was found that risedronate released from
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figure legend, the reader is referred to the Web version of this article.)

PMNPs under low-intensity pulsed ultrasound (LIPUS) promotes the
intracellular localization of NPs in Saos-2 cells. Anethole dithiolethione
(ADT)-loaded magnetic nanoliposomes (AMLs) have been found to be
efficient in targeting tumor tissue when guided by an external magnetic
field. AMLs treated with a magnetic field have shown significantly
higher inhibition of tumor growth, which may be promising for multi-
modal image-guided accurate cancer therapy [175]. Nelogi and
co-workers designed Ti-chambers composed of neodymium and boron
magnetic discs treated with Fe-NPs and evaluated their effects on
osteoblast-like cells (MG-63) [176]. It was observed that the process of
mineralization and osteogenesis was significantly more pronounced in
the Ti-chambers than in the control groups. Another research study
demonstrated that superparamagnetic iron oxide NPs (SPIONs) and
SPIONs-loaded gel have a tissue repair effect in the incisor sockets of
Sprague-Dawley rats. In vivo MRI images of mandible incisor sockets
treated with SPIONs and SPIONs-based gel showed improved growth,
indicating the effectiveness of these NPs in osteogenesis [177].

Although numerous studies on magnetic NPs for biomedical appli-
cations, including cancer therapies, drug delivery, OA, and bone defect
management, have been conducted and significant achievements have
been made, there is still a great deal of work to be done [178-180].
Firstly, the development of new synthesis techniques and methods is
essential for the preparation of magnetic NPs with improved biocom-
patibility. Secondly, following the delivery of magnetic NPs to target
tissue, most of these particles are often distributed within the reticulo-
endothelial system, particularly in the liver and spleen. It is therefore
important to develop new methods for reducing the cytotoxicity and
improving the biocompatibility of the currently available magnetic NPs
[181]. Another significant challenge associated with magnetic NPs is
their proclivity to aggregate, coupled with the poor magnetization
observed in the smallest magnetic NPs employed in biomedical appli-
cations. It is therefore paramount to establish effective large-scale syn-
thesis protocols with precise control of the size, dispersion, and shape of
the different magnetic NPs, including their appropriate
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Fig. 6. Magnetic NPs for OA (A, B) and OS treatment (C, D). (A) Flash nanoprecipitation method for the synthesis of composite NPs. Iron oxide NPs were coated
with oleic acid, DiR dye and PEG-PLA and subsequently suspended in tetrahydrofuran (THF), which was then mixed in a closed impinging jet mixer. (B) Repre-
sentative fluorescent images showing NP clearance in rats aged 5, 10 and 15 months. Reproduced with permission from Ref. [171]. Copyright 2020, Elsevier. (C)
Schematic illustration of the synthesis of piezo magnetic NPs. (D) Prussian blue staining of Saos-2 cells alone and cells treated with Piezomagnetic NPs (PMNPs)
showing the intracellular localization of PMNPs (PMNPs in dark blue color due to the presence of Fe304 NPs and the cell nuclei stained in pink color using nuclear fast
red staining. Reproduced under the terms of the CC-BY-NY-ND Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.
0) [174]. Copyright 2022, The authors, published by Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

biofunctionalization, in order to overcome the aforementioned chal-
lenges [182].

3.4. pH-responsive MNPs

The acidic microenvironment is a common feature of several bone
diseases and OA [183]. pH-responsive NPs are mostly developed using
an acid-sensitive side chain as a functional group or attaching a
pH-responsive substance [184]. As a result, pH-responsive NPs can
change charge and/or hydrophilicity depending on the environmental
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pH, thereby inducing changes in NP behaviors such as rearrangement,
solubilization, or disintegration [185,186]. The design of pH-responsive
NPs typically employs either cationic or anionic substances [187]. As the
pH level declines, the hydrophobicity of cationic substances increases,
while the hydrophilicity of anionic substances decreases [186]. The
majority of bone and joint diseases manifest in acidic environments, thus
facilitating the release of drugs attached to acid-reactive groups within
the pathological microenvironment [188]. Recently, some interesting
pH-sensitive MNPs based on metals such as Fe, Ag, Au, Ce, Zn, Cu and
metal organic frameworks (MOFs) have been designed to treat
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bone-related diseases and OA, showing encouraging efficacy.

A study based on self-assembled iron-catechins NPs (Fe-cat NPs) was
designed based on the synergistic reaction between iron ions and plant-
derived antioxidants, the catechins [189]. It was demonstrated that
Fe-cat NPs exhibited pH-responsive degradation in cells and inhibited
the adipogenic differentiation of human adipose-derived stem cells
(hADSCs). Furthermore, Fe-cat NPs remodeled the osteogenic immune
microenvironment through resistance to inflammation and promotion of
macrophage M2 polarization. Another study proposed a drug delivery
system based on Fe>* incorporated on the surface of nanotubes, which
can effectively bind to alendronate sodium (NaAL), a bisphosphonate
drug for the treatment of osteoporosis, through coordination bonds that
can be formed or broken by a change in pH [190]. The Fe-modified ti-
tanium dioxide nanotubes (TNTs) enabled not only alendronate loading
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levels of up to 50.2 wt%, significantly higher than most previously re-
ported drug delivery systems, but also delayed and prolonged drug
release. In addition, Ahmadi and co-workers designed a smart nano
system consisting of a magnetic inner core and polymeric outer shell
with pH-responsive cationic cyclodextrin for targeted delivery and
enhanced uptake of the anticancer drug methotrexate for the Saos-2 cell
line [191].

pH-responsive strategies have also been combined with metal NPs to
treat bone defects and infections. One study used a low pH-sensitive
acetal linker to implant AgNPs onto TNT implants [192]. An acidic
environment (pH = 5.5) facilitated the release of AgNPs from the
TNT-AL-AgNPs implant more than a basic environment (pH = 7.4). 3D
printed porous polyetheretherketone (PEEK) scaffolds with AgNPs
trapped on the first polydopamine (pDA) layer and apatite on the second
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Fig. 7. pH-responsive MNPs for treating OA (A-D), osteomyelitis and bone defect (E-H). (A) Schematic illustration of the preparation of Zn-doped hollow
mesoporous CeO (HMZC) loaded with kartogenin (KGN). (B) TEM images of HMCe, HMZC, and HMZC@ hyaluronic acid (HA). (C) Representative reconstruction
images obtained from Micro-CT scans, illustrating the right knee at 28 days post-treatment. (D) Safranin O-fast green (SO/FG), and collagen type II immunohis-
tochemistry staining images of knee joint tissues of normal or OA rats subjected to PBS, KGN, HMZC@HA, or KGN@HMZC@HA treatments. Reproduced with
permission from Ref. [195]. Copyright 2024, Elsevier. (E) Schematic illustration of the synergistic bactericidal effect between copper and silver. (F) Schematic
illustration of pCuO/nAg fabrication and surface functionalization of PEEK. (G) SEM images of bacterial morphology after 6 h and 7 days of sample incubation. (H)
Micro-CT imaging and quantification of bone regeneration. Reproduced with permission from Ref. [197]. Copyright 2020, Elsevier. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)

14



Y. Wang et al.

pDA layer have also been developed for bone defects treatment [193].
The unique "pDA-Ag-pDA" sandwich structure imparts to the inert PEEK
scaffolds a bacteria-triggered pH-responsive ion-release behavior, i.e.
the release of Ag" ions from the coating increases with decreasing pH,
which is associated with bacterial metabolism. Importantly, in vivo
evaluation indicates that the Ag/apatite decorated multifunctional
scaffolds exhibited attractive in vivo antibacterial efficacy and resulted
in excellent bone ingrowth and osseointegration in an infected
critical-sized bone defect.

Nanoplatforms that respond to pH levels can deliver drugs in a tar-
geted manner for the treatment of OS and OA. A study showed that CeO-
NPs enhanced chemotherapeutic activity against the OS cell line Saos-2
[194]. The delivery system comprised calcium carbonate and collagen
type I containing nano-cerium oxide and doxorubicin. At pH = 6.0, the
synergistic effect of the pro-oxidant CeOy NPs and the encapsulated
doxorubicin results in nearly 100 % cell death. Another innovation
involved Zn-doped hollow mesoporous CeO-NPs designed for targeted
drug delivery of kartogenin (KGN) (Fig. 7A and B) [195]. The prepared
NPs achieved controlled KGN release in response to the OA environment
and chemically programmed the OA microenvironment. The NPs in
acidic conditions showed a significantly higher cumulative release of
KGN, with more than 60 % and 80 % of the encapsulated KGN being
released from the nano-system at pH = 6.7 and 6.0, respectively.
Overall, these pH-responsive nanoplatforms provide a promising strat-
egy for targeted drug delivery in OA and improved cartilage growth
(Fig. 7C and D) by taking advantage of the intrinsic elevated acidity
levels in the affected areas. Researchers have developed a new type of
zinc oxide NPs and fixed them on a titanium substrate [196]. It was
found that naringin and Zn?" can be easily released from the function-
alized titanium substrate to the bacterial infection sites due to the acidic
conditions caused by osteomyelitis. These studies highlight the potential
of pH-responsive nanoplatforms in enhancing therapeutic outcomes
through precise drug delivery and efficacy modulation in acidic disease
microenvironments.

In the context of osteomyelitis treatment, Cu-based NPs have
demonstrated efficacy in eradicating bone infections and promoting
bone regeneration. Researchers have prepared a metastable CuFesOg
nanocube (NC) as a smart catalyst with properties similar to those of the
Fenton reaction. The spatial selectivity of its activity can be controlled
by adjusting pH and H2O3 concentration. It has been demonstrated that
CuFes0g NC is capable of catalyzing the cleavage of environmental DNA
(eDNA) in biofilms, leading to disruption of its structure. In addition,
lower levels of hydroxyl radicals induced pro-inflammatory macrophage
polarization outside the biofilm, reversing the immunosuppressive
microenvironment [198]. pH-responsive carmellose microspheres
crosslinked with Cu ions, developed by an external ionic gelation
method, have shown activity against Escherichia coli or Candida albicans.
Consequently, changes in the pH of the medium can determine the
diffusion characteristics and, therefore the release of drugs [199,200]. In
another study, a research team employed silk fibroin to fabricate CuO
microspheres adorned with silver NPs (nAg) on a porous PEEK surface
(Fig. 7E and F). The release of Cu?>* and Ag * at pH 5.0 resulted in the
death of 99.99 % of planktonic bacteria. Furthermore, the release of
metal ions at pH 7.4 promoted the production of ALP and NO, and the
secretion of collagen and calcium deposition, indicating enhanced bone
formation and angiogenesis (Fig. 7G and H) [197].

MOFs have a range of applications, including OA therapy, co-
delivery of drugs and siRNA for inflammatory disorders, and enhanced
efficacy in OS. A pH-responsive MOF system was developed, which was
modified with HA and loaded with the anti-inflammatory proto-
catechuic acid (PCA) for treating OA. The MOF system exhibited an
intelligent response to acidic conditions within the inflammatory
microenvironment, resulting in the release of PCA and reduced synovial
inflammation [201]. In another pH-responsive MOF material,
MIL-101-NH2 was employed to synergistically deliver the
anti-inflammatory drug curcumin (CCM) and siRNA targeting the

15

Materials Today Bio 32 (2025) 101773

hypoxia-inducible factor (HIF-2a) [202]. The MOF system released the
CCM active ingredient in an acidic environment, thereby reducing the
level of pro-inflammatory cytokines. As well as active siRNA targeting
HIF-2a mRNA. These processes inhibited the inflammatory response and
cartilage degeneration associated with OA. A team led by Kin developed
folate-targeting nano formulations based on nanoscale MOFs (nMOFs)
and calcium zoledronate (CaZol), a third-generation bisphosphonate
widely used as an anti-resorptive agent to treat cancer bone metastasis
[203]. The Fol-targeted lipid coating facilitates endocytosis of CaZol
nMOFs in cancer cells, allowing CaZol nMOFs to control the release of
encapsulated Zol under mildly acidic conditions. Due to the super
cellular uptake and prolonged drug release kinetics, CaZol nMOFs
showed higher efficacy than Zol in inhibiting cell proliferation and
inducing apoptosis.

In pH-responsive drug delivery for bone and joint diseases, proton-
ation could cause endoplasmic/lysosomal escape in nano systems,
leading to autophagy and cell death. It is therefore recommended that
greater attention be paid to the safety of pH-responsive NPs when
investigating the efficacy of chemical group protonation. Furthermore,
the application of acid-sensitive hydrazone bonds may result in cyto-
toxicity due to the presence of aldehyde or ketone functional groups
within the therapeutic agent and cationic residues [123,204].

4. Joint & Bone disease-specific therapeutic applications of
MNP-based nanocomposites

MNPs have demonstrated significant potential in the treatment of
various bone and joint disorders [206]. For example, in osteoporosis,
MNPs can improve the growth and density of bone due to their structural
reinforcement and ability to effectively deliver therapeutic agents
[207]. For patients with osteomyelitis, the incorporation of antibacterial
MNPs into scaffolds can facilitate the prevention of infection and sup-
port the bone healing process [208]. In the case of OS, MNPs can be
functionalized to specifically target cancer cells, thus aiding in both
diagnosis and treatment [209]. Moreover, MNPs can enhance the me-
chanical strength of scaffolds utilized for bone defect treatment and
facilitate the controlled release of growth factors, thereby promoting
regeneration [210]. In OA and RA, MNPs enable targeted drug delivery
to reduce inflammation and accelerate cartilage repair [211]. Overall,
MNPs in hydrogels and scaffolds can enhance bioactivity, mechanical
properties and therapeutic effects, thereby improving the treatment
outcomes of various bone and joint diseases. These MNPs can be
administered via localized or systematic approaches, as discussed below.

4.1. MNPs and MNP-based composites for treating osteoporosis

Osteoporosis is a disease that causes bones to become weak and more
likely to break. In adults, bone formation is a coordinated process
involving both osteogenesis (production and mineralization of new bone
matrix) and osteoclast genesis (destruction of old bone) [212]. While
various antiresorptive medications are used for clinical management of
osteoporosis [213], the current scope of osteoporosis treatment is con-
strained by several significant limitations, including long-term safety
concerns [214]. Bisphosphonates represent a primary treatment option
for osteoporosis, which can inhibit osteoclast activity by inhibiting far-
nesyl pyrophosphate synthase [215]. Although bisphosphonate has the
capacity to mitigate the risk of fracture and bone turnover, its impact on
the growth or restoration of bone mass is minimal. Furthermore,
bisphosphonate is not readily absorbed by the gut and exhibits variable
bioavailability [216,217]. Raloxifene (RLX) is another antiresorptive
drug, which is a selective estrogen receptor modulator capable of
increasing bone mineral density. Although the intestines rapidly absorb
RLX, it undergoes a prolonged pre-systemic glucuronide conjugation,
resulting in relatively low absolute bioavailability [218]. Furthermore,
systemic medications typically circulate throughout the body but
demonstrate limited penetration into bone tissue and are rapidly
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excreted. This is due to the lower blood supply to the bones than to
organs such as brain, liver, or kidneys [219,220]. As a result, high doses
are usually required to reach therapeutic levels, increasing the risk of
systemic toxicity. To address this issue, the development of a controlled
delivery platform that selectively targets bone tissue would enhance
safety and efficacy [221].

There has been increased interest in using MNPs to treat bone dis-
eases. MNPs offer a number of advantages, including protection from
degradation, improved transport efficiency, enhanced pharmacokinetics
and biodistribution, as well as tissue targeting capabilities. These
properties make them an ideal choice for the repair of bone tissue in
patients with osteoporosis [222]. A bone-targeting pH-responsive
cerium oxide NPs was developed for treating osteoporosis by selectively
removing mature osteoclasts without damaging pre-osteoclasts (Fig. 8A
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and B). The application of cerium oxide NPs has been demonstrated to
enhance calcium oscillation, improve bone marrow macrophages
(BMMs) proliferation and reduce the viability of mature osteoclasts
through ROS generation (Fig. 8C-E) [223]. In another study, nanoceria
encapsulated in mesoporous silica NPs offer antioxidant, osteogenic, and
anti-osteoclastogenic properties in osteoporosis treatments. These NPs
stimulated osteoblast cells to form bone matrix and exhibited antioxi-
dant effects in MC3T3-E1 cells without the need for osteogenic supple-
ments. Furthermore, tartrate-resistant acid phosphatase (TRAP) staining
of RAW264.7 cells exposed to NPs in basal and osteogenic media with or
without RANKL showed promising efficacy of the NPs as an osteoporosis
treatment (Fig. 8F and G) [224].

One of the distinctive characteristics of nanoceria in redox chemistry
is their capacity to transition between cerous (Ce3+) and ceric (Ce4+)

OA .
EPCs

Bone
l Vascularization

Sham ovX ovX ovX
+ +
OVX +CNS Ald  CNS

[0 OvX+Ald [l OVX+CNS
0.30 20

*k sk

2 o025 8
L1 € 15
) T 0.20 2 7
3 £ 0.15 3 E 10
2~ 0.10 a 5
S 005 s

0.00 0

G MSNs Ce@MSNs
W RANKL W RANKL

W/0 RANKL

W/0 RANKL

Fig. 8. Effects of cerium-based NPs in osteoporosis treatment. (A) Schematic diagram of the mechanism of cerium NPs (CNS) in the treatment of ovariectomized
(OVX) mice. (B) TEM image of CNS. (C) Typical pCT image of the femur of an OVX mice. (D) pCT microvascular perfusion imaging of the femurs of OVX mice treated
with the anti-resorptive drug alendronate (Ald) or CNS, and corresponding quantitative analysis. (E) Representative images of tissue sections showing double
labelling with calcein and alizarin red of cortical bone in treated mice and the control group. Scale bar = 200 pm. Reproduced under the terms of the CC-BY-NY-ND
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0) [223]. Copyright 2021, The authors, published by Elsevier.
(F) TEM images for mesoporous silica NPs (MSNs) and ceria-loaded mesoporous silica NPs (Ce@MSNs). (G) TRAP staining of RAW264.7 cells exposed to MSNs and
Ce@MSNss in basal and osteogenic media with and without RANKL treatments after 3 and 7 days. Scale bar = 100 pm. Reproduced with permission from Ref. [224].
Copyright 2021, Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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oxidation states, making nanoceria comparable to biological antioxi-
dants such as superoxide dismutase and catalase [225]. Cerium oxide
NPs doped with lanthanum ions were developed with the objective of
resisting oxidative stress in osteoporotic rat models. The rat models
treated with the doped cerium oxide NPs showed a significant osteo-
genic effect with upregulated SOD1 and CAT expression [226]. In
addition, bisphosphonate and iron NPs proved beneficial in enhancing
the properties of HAp for the treatment of osteoporosis. In this way a
multi-functional HAp with alendronate (AL) and Fe3O4 was used for
bone regeneration in ovariectomized (OVX) rats. The findings indicated
that the multifunctional HAp was capable of inhibiting osteoclast ac-
tivity, promoting osteoblast proliferation and differentiation, enhancing
bone integration of the implant, and accelerating bone remodeling in
OVX rats with osteoporosis [227]. A comparable study employed
alendronate-loaded FeO-NPs to address postmenopausal bone loss in
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OVX mice. The NPs significantly regulated bone metabolism and were
helpful in the scavenging of ROS [228]. In another study, dextran-coated
Fe304-NPs were conjugated with bisphosphonates. Dextran-coated
Fe304-NPs showed potential inhibition of osteoclasts when exposed to
radiofrequency (RF) to induce thermolysis [168].

AuNPs are highly beneficial osteogenic agents. AuNPs were reported
to induce osteogenic differentiation of osteoprogenitor cells such as
MSCs without cell cytotoxicity and inhibit osteoclast formation [229,
230]. Vitamin D conjugated Au NPs (VGNPs) were prepared and eval-
uated for their anti-osteoporotic effects. VGNPs were found to inhibit the
expression of ROS and the expression of genes associated with osteoclast
differentiation [231]. In another study, alendronate-conjugated AuNPs
(AuNPs-ALD) were tested for their ability to suppress RANKL-induced
osteoclastogenesis. AuNPs-ALD inhibited osteoclast growth and
showed improved bone density in OVX mice [232]. Another study
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Fig. 9. MNPs encapsulated in GelMA and their use in osteoporosis. (A) The process of preparing Mg ion-based microspheres. (B) Typical SEM images of GeIMA,
GelMA-BP and GelMA-BP-Mg; GelMA = gelatin methacrylate, BP = bisphosphonate. (C) Representative micrographs of H&E staining and Col-1 IHC staining of bone
tissue sections treated for 8 weeks in each group and pictures of the femoral tissue section; H&E = Hematoxylin and eosin stain, COL-1 = collagen type 1, IHC =
immunohistochemistry. (D) Micro-CT images of rat models after 4 and 8 weeks of treatment. Adapted with permission from Ref. [243], Copyright 2021, American
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assessed the inhibitory impact of AuNPs in conjunction with a p-cyclo-
dextrin and curcumin complex (CUR-CGNPs) on RANKL-induced oste-
oclast genesis. The presence of CUR-CGNPs reduced the expression of
osteoclast-associated receptors (OSCAR), nuclear factor of activated T
cells 1 (NFATc1) in BMMs and significantly improved bone density in
the osteoporotic OVX mouse model [233].

Zinc can be a dopant in HAp crystals and contribute to bone for-
mation and mineralization [234]. Zinc has been shown to stimulate the
activity and proliferation of osteoblasts to accelerate bone formation
and repair [235]. Studies suggest that zinc supplementation may help
prevent bone loss associated with aging and conditions such as osteo-
porosis. It was observed that ZnO NPs can effectively stimulate the
proliferation and mineralization of MG-63 cells without significant
cytotoxicity [236]. Coatings of Zn-based MOFs and raloxifene on
Ti-implants were investigated for their anti-osteoporotic potential.
These coatings on Ti-implants boosted cell viability and osteogenic
differentiation of osteoblasts within osteoporotic rat femurs, showing
their therapeutic impact in osteoporotic bone injury [237].

Mg has anti-inflammatory properties and can help reduce chronic
inflammation associated with osteoporosis and bone degeneration. Mg
can also promote osteoblast function, thereby facilitating bone forma-
tion [127,238-241]. One such approach involved the development of a
composite hydrogel containing calcium phosphate microspheres infused
with MnO NPs and loaded with a fibroblast activating protein inhibitor
(FAPi). The experimental results demonstrated that these hydrogels
effectively osteoblast proliferation and differentiation [242]. An addi-
tional innovative solution was the creation of
bisphosphonate-functionalized injectable hydrogel microspheres (Gel-
MA-BP-Mg), specifically designed for the treatment of osteoporotic de-
fects (Fig. 9A and B). Both in vitro and in vivo experiments showed that
these microspheres support osteogenesis and angiogenesis by promoting
the functions of osteoblasts and endothelial cells while inhibiting oste-
oclast activities, as shown in Fig. 9C and D [243]. These diverse stra-
tegies illustrate promising avenues for addressing osteoporosis through
tailored biomaterials and targeted therapeutic interventions, with Mg as
a promising candidate.

Several challenges remain in the development of MNP therapeutics
for osteoporosis, including precise bone targeting, controlled release of
the cargo without off-site toxicity, and the risk of nanotoxicity
[244-246]. For example, Ag NPs have been found to damage osteoblasts
and osteoclasts and affect their DNA [247,248]. Different strategies have
been utilized to address such challenges. For example, magnesium oxide
nanocomposites that release osteogenic Mg?' have been shown to
enhance mineral density and activity of osteoblasts [240]. Moreover,
anti-resorptive drugs (e.g. denosumab) and osteogenic ions (e.g. Mg?™)
in bifunctional MNPs could potentially synergistically restore bone ho-
meostasis [249]. However, challenges persist in achieving and opti-
mizing sustained release to circumvent excessive inhibition of
osteoclast-driven remodeling and ensuring the long-term biocompati-
bility of non-degradable MNPs. Therefore, it is highly desirable to
develop smart MNPs that respond to microenvironmental cues (e.g., pH,
enzymes) for on-demand delivery in future research. Additionally, such
smart MNPs can be integrated into 3D printed scaffolds for personalized
repair to address patient heterogeneity.

4.2. MNPs and MNP-based composites for treating OS

OS exhibits considerable histological heterogeneity, lacks specific
biomarkers, and is locally invasive and highly metastatic [119].
Collectively, these factors present a significant challenge to the treat-
ment of OS. Despite the efficacy of chemotherapy drugs in the treatment
of OS, they continue to exhibit certain disadvantages, including toxicity
to normal tissues, drug resistance and rapid clearance from the blood
[119,250]. Nanoplatforms are being developed to deliver drugs to tu-
mors, enhancing efficacy and minimizing side effects. OS represents the
most prevalent primary malignant bone tumor in pediatric and
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adolescent populations. However, the limited efficacy of chemotherapy
and the emergence of drug resistance present significant treatment
challenges. Recent advances in nanotechnology have led to a significant
transformation in the approach to cancer therapy, particularly through
the development of tumor-targeted drug delivery systems. Nanocarriers,
such as MNPs, offer distinctive advantages, including prolonged circu-
lation times and elevated drug concentrations at tumor sites. This im-
proves therapeutic outcomes and minimizes side effects [251-256].
MNPs, including Au, cerium oxide, zinc oxide, Ag, iron oxide, titanium
dioxide, and terbium oxide (Tb203), have demonstrated intrinsic anti-
cancer properties in OS cells, suggesting their potential as stand-alone
therapeutic agents [257].

In the context of OS treatment, AuNPs can be functionalized with
various molecules, such as chemotherapeutics and targeting ligands, to
deliver therapeutic payloads specifically to cancer cells while mini-
mizing damage to healthy tissue [258]. AuNPs can exploit the EPR ef-
fect, which refers to the tendency of NPs to accumulate in tumors due to
leaky blood vessels and impaired lymphatic drainage [259]. This phe-
nomenon allows AuNPs to selectively accumulate in OS, enhancing the
efficacy of therapeutic payloads delivered via the NPs. For example, Ma
and colleagues developed a nanoplatform (Fig. 10A and B) consisting of
an AuNP core with a metal-organic framework and mesoporous silica
shells that are loaded with cisplatin [260]. This platform demonstrated
efficacy in targeting metastatic spinal tumors and reducing bone
destruction in preclinical models, as illustrated in Fig. 10C-E.

Similarly, AuNPs conjugated with cisplatin and doxorubicin have
shown enhanced delivery to the nucleus of cancer cells, thereby
improving their therapeutic efficacy against Saos-2 and MG-63 OS cell
lines [261]. Furthermore, AuNPs stabilized with glutathione (GSH) and
modified with cytarabine (CTA) have demonstrated significant anti-
cancer activities against human OS-143B cells. These findings demon-
strated that AuNPs at a concentration of 100 pg/mL diluted in a notable
reduction of approximately 45 % in cell viability [262]. Continued
research and development in this area have the potential to further
optimize nanocarrier designs and advance personalized approaches to
cancer treatment. Au nano-dendrites incorporated with programmed
death receptor 1 antibodies (aPD-1) were designed for the eradication of
primary and distant metastatic tumors in an OS mouse model. AuNDs +
aPD-1 could destroy primary and distant metastatic OS via activating T
cells and exhibited long-term immune memory to prevent tumor rein-
vasion and recurrence, as shown in Fig. 11E and F [263]. In a subsequent
investigation, AuNPs functionalized with PEG and fused with a Tat
peptide, and synthesized doxorubicin. Tumor viability assays demon-
strated that PEGylated AuNPs were 100 % cytotoxic against human OS
cells [264]. Sha and co-workers developed mesoporous silica NPs with
alendronate loading and a Mn-doped Au core (Fig. 11A and B) [265].
The NPs exhibited remarkable tumor microenvironment-responsive
drug release and efficacy in eradicating cancer cells in vitro (HUVEC
and 143B) and in vivo in BALB/c Nude mice, as depicted in Fig. 11C and
D.

A novel theragnostic platform for the immunotherapy and chemo-
therapy of OS has recently been developed, comprising macrophage
loaded with dendrimer-entrapped AuNPs. This platform is capable of
activating and polarizing macrophages into the M1 phenotype [266].
Moreover, Zhang and colleagues synthesized Au-nanocages coated with
cancer cell membranes and loaded with a ferroptosis inducer, RSL3,
with the objective of overcoming chemoresistance [267]. RSL3 induced
ferroptotic cell death, while the cancer cell membrane promoted
immunogenic cell death, making these Au-nanocages a promising clin-
ical therapy of OS.

A pH-sensitive microparticle drug delivery system was designed as a
combinatorial therapy and evaluated using the Saos-2 cell line. At pH 6,
the combined action of CeO5 NPs and encapsulated doxorubicin (acts as
pro-oxidants), results in almost 100 % cell death [194]. In a study
conducted by Alapslan and colleagues, cerium oxide NPs were prepared
with dextran, and their anticancer efficacy against OS and effects on
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Ref. [260]. Copyright 2021, Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

healthy osteoblasts was evaluated in weakly acidic conditions [268].
The results demonstrated that the dextran-coated nano-cerium oxide
killed a significant number of OS cells without adversely affecting
osteoblast noncancerous cell line.

ZnO NPs exhibit diverse properties and can be combined with cancer
inhibitors [269] and hypoxia inducers [270] and serve as chemothera-
peutic nano-carriers [271] for synergistic therapeutic effects, which
enhance their efficacy in treating OS, as evidenced by several recent
studies. He and colleagues demonstrated that the combination of ZnO
NPs and ICG-001, a -catenin inhibitor, had a synergistic inhibitory ef-
fect on OS lung metastasis [269]. Furthermore, the study demonstrated
that Zn' release downregulates B-catenin expression through the
HIF-1a/BNIP3/LC3B-mediated mitochondrial autophagy pathway.
Similarly, He and colleagues discovered that a hypoxia-inducing agent
(CoCly) augmented ZnO NP-induced cell death at 1 % hypoxia, while
concomitantly impeding ZnO NP-induced cell death when accompanied
by a hypoxia inhibitor (YC-1) or the suppression of HIF-1a [270]. Yu and

19

co-workers designed and explored Zn-phthalocyanine NPs infused with
bovine serum albumin (ZnPc/BSA) as a PDT tool [272]. They stated that
the interaction of autophagy inhibitor with PDT inhibited OS in vitro
(MG-63, K7M2 and HOS) and in vivo (Balb/c mice), indicating the
possible applicability of this regimen for tumor metastasis prevention. A
nanocarrier system composed of Zn-HAp NPs coated with methotrexate
F127 was developed as a chemotherapeutic agent for targeting OS cells.
These nanocarriers inhibited P-glycoproteins through F127 and effec-
tively increased their antitumor effect via Zn?t drug release [271].
AgNPs exhibit potent cytotoxic effects against OS cells, inducing
apoptosis through multiple pathways [273]. Their small size allows
effective penetration into cancer cells, where they can disrupt cellular
functions and induce programmed cell death [274]. The ability of AgNPs
to inhibit OS cell lines with different p53 genotypes was studied. AgNPs
were discovered to directly target mitochondria and trigger apoptosis in
cancer cells via p53-independent apoptosis [275]. AgNPs biosynthesized
from bark extract of Ficus benghalensis and Azadirachta indica
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demonstrated anti-proliferative potential against MG-63 cells in a
dose-dependent manner [276]. A comparable study employed tannins in
the biosynthesis of Ag-NPs and observed that these Ag-NPs exhibited
considerable anti-cancer effects against MG-63 cells, predominantly due
to the antioxidant properties of Ag [277].

New ways are being developed to use iron oxide NPs in treating OS.
These NPs have been modified with different substances to target, and
deliver drugs to induce cell apoptosis. Polyethyleneimine- and dextran-
modified FeO NPs (PDIs) were successfully produced to transport miR-
302b. The PDIs were transported to OS cells in nude mice using a
magnetic field. It was demonstrated that PDIs with miR-302b exhibited
anti-OS activity and could serve as a carrier for various therapeutics for
OS treatment [278]. Fe304 NPs were infused with chitosan (CS) and folic
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acid conjugates as well as CS and succinic anhydride conjugates and
loaded with doxorubicin to act as a pH-sensitive anti-OS drug. The folate
acid component of the NPs was enable binding to folate receptors on the
surface of MG-63 cells, facilitating higher uptake and significantly
enhancing the cytotoxic effect of the NPs [169]. In another study, Fe304
NPs were successfully incorporated with pollen shells of Pistacia vera L.
and tested for anticancer activity against MG-63 OS cells. The results
demonstrated that Fe3O4 NPs induced expression of BAX/BCL2 and
caspase-3 genes, which led to mitochondrial apoptosis of OS cells [279].

Other MNPs that have been demonstrated to be efficacious in the
treatment of OS include platinum and titanium oxide. The anti-cancer
efficacy of doxorubicin-loaded platinum NPs was evaluated in human
U20S cells. The viability of OS cells was impaired in a dose-dependent
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manner by platinum NPs, with an increase in apoptosis and apoptotic
gene expression. Furthermore, an increase in the amount of oxidative
stress-induced DNA damage was observed in cells treated with platinum
NPs [280].

While promising, most nano-drug delivery platforms for OS treat-
ment are not yet ready for clinical use. Most evaluations are still at the
cellular and animal level, with a long way to go before they can be used
in humans [281]. The development of optimized NPs for targeted drug
delivery will be contingent upon our ability to overcome a number of
challenges. An ideal drug delivery system should be capable of selective
accumulation in tumor sites, and further research is required to gain a
deeper understanding of the OS-targeting mechanism to identify more
specific target ligands. Besides, accumulation of NPs in the liver is a
common issue for nanomedicine. Additionally, the limited penetration
ability of light currently used for PTT towards deep tumors necessitates
the development of more effective strategies [281,282]. It is also
important to note that NPs can have adverse effects on stem cell func-
tions, which should be taken into consideration in stem cell-based
regenerative medicine research. For example, AgNPs displayed signifi-
cant toxicity against human and rat-derived embryonic stem cells in a
dose-dependent manner [283]. Moreover, NPs can cause neurotoxicity
due to increased ROS production, mitochondrial dysfunction, BAX
protein activation, and the release of lactate dehydrogenase [284]. It is
essential to overcome these challenges to realize the widespread clinical
applications of NPs in the treatment of OS and beyond.

4.3. MNPs and MNP-based composites for treating osteomyelitis

The diagnosis and treatment of osteomyelitis represent a significant
challenge for medical practitioners. This condition is caused by bacteria
that evade the immune system and antibiotics. Osteomyelitis is influ-
enced by alterations in the blood vessels and manifest in various ways
[285]. Current treatment options include extensive surgical debride-
ment and antibiotic therapy, but the condition is compounded by
increasing antibiotic resistance. MNPs offer extensive opportunities to
design therapeutic biomaterials that show high biocompatibility and
antimicrobial activity and enhance tissue regeneration [286]. Several
MNPs have been found to possess antimicrobial properties and
employed in the treatment of osteomyelitis, including Ag, Au, Fe, Ce,
and Ti.

AgNPs have potent antimicrobial properties against a broad spec-
trum of bacteria, fungi, and even antibiotic-resistant strains. This ability
makes AgNPs a popular choice to combat the various pathogens that
cause osteomyelitis, including Staphylococcus aureus and Pseudomonas
aeruginosa [287]. The significant antibacterial properties of AgNPs are
attributed to their large surface area, which allows for direct absorption
at bacterial cell walls. Ye and colleagues devised a porous cellulose
hydrogel incorporating Ag-NPs, which exhibited remarkable antibacte-
rial activity against both S. aureus and E. coli [288]. Hou and colleagues
investigated the bactericidal mechanism of Ag/AgBr/TiO; nanotube
array electrode against E. coli, and revealed that ROS induced the
disruption of cell integrity and eventual bacterial death [289,290]. In a
study by Qadri and colleagues, Ag-Cu-boron nanocomposites were
employed against S. aureus-mediated bone infection in mice [291]. The
researchers discovered that a dosage of 1 mg/kg was sufficient to
eradicate 99 % of the bacteria responsible for causing osteomyelitis. In
another study, the efficacy of AgNPs loaded onto mesoporous bioactive
glass (AgNPs/MBG) was assessed in Enterococcus faecalis-induced
infection. The sustained release of Ag* ions by AgNPs/MBG contributed
to the disruption of the biofilm structure and demonstrated good anti-
bacterial potential [292].

The antibacterial properties of AuNPs have been demonstrated to be
promising in the treatment of bone infections and osteomyelitis. They
effectively enhance the efficacy of conventional antibiotics, particularly
against antibiotic-resistant bacteria such as Staphylococcus aureus and
Pseudomonas aeruginosa, which are commonly involved in bone infection
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[293]. Historically, PMMA has been used as a bone cement in combi-
nation with antibiotics. More recently, PMMA bone cement has been
loaded with AuNPs in order to exploit their mechanical strength and
antibacterial effects. A research study has demonstrated that
AuNP-loaded PMMA enhances the antibacterial efficacy of bone im-
plants [294]. In vitro evaluation of 3D scaffolds incorporating AuNPs,
ampicillin and PVA confirms their osteoinductive properties, biocom-
patibility, and ability to inhibit bacterial growth in MC3T3-E1 cells,
highlighting their potential in bone tissue engineering and infection
control [295].

MNPs of iron, cerium and Cu have also been identified as potential
candidates for the treatment of bone infection and osteomyelitis due to
their unique antimicrobial properties. Gentamicin-coated Fe3O4 NPs
integrated into a mesoporous bioactive glass (MBG) effectively
controlled the release of gentamicin and prevented biofilm formation by
pathogens such as S. aureus and S. epidermidis [296]. Microwave
responsive Cu nanorod composites (Cu/C/Fe304-COOH) (Fig. 12A)
exhibited selective affinity to bacterial surfaces, leading to efficient
capture and destruction of S. aureus through cytoskeletal collapse and
membrane rupture, as shown in the SEM images (Fig. 12B and C) [297].
Copper-cerium oxide (CuCeOx) materials, when combined with micro-
wave irradiation, have been demonstrated to be an effective treatment
for osteomyelitis caused by S. aureus, as depicted in Fig. 12E and F
[298]. In addition, CeO NPs encapsulated within HAp and CS were
prepared using the precipitation technique. The bactericidal effect of
these synthesized NPs was investigated against infection in Wistar al-
bino rats. The results revealed that the CeO NPs exhibited significant
antibacterial activity and potentially disrupted the bacterial membrane
structure [299]. Collectively, these NPs represent innovative approaches
to combat bone infections, utilizing controlled drug delivery, magnetic
targeting, microwave-induced cytotoxicity, and membrane-disrupting
mechanisms to effectively address the challenges of osteomyelitis
treatment.

Ti is highly biocompatible and generally well tolerated by the site
where it is implanted [300] and has also a strong ability of osseointe-
gration [301]. A study was conducted to investigate the antibacterial
efficacy of Ti wire coated with Ti nanotubes loaded with gentamicin as a
potential bone implant material. The Ti wires were demonstrated to be
biocompatible, exhibit an elastic modulus close to that of natural bone,
and serve as an alternative to conventional bone implants for the pre-
vention of bone infection [302]. Similarly, the antibacterial potential of
TNT loaded with gentamicin was evaluated in terms of its ability to
prevent the adhesion of S. epidermidis. MC3T3-E1 cells were cultured on
these nanotubes, and the results indicated that the nanotubes effectively
reduced bacterial cell adhesion on the TNT surface and improved oste-
oblast differentiation [303]. At the same time, nanoscale HAp coated on
Ti surfaces showed significant antibacterial efficacy against colonies of
S. mitis and S. gordoni, highlighting their potential for the development
of antibacterial bone implants [304]. Furthermore, Wang and colleagues
synthesized graphdiyne-modified TiO, nanofibers by electrostatic
self-assembly (Fig. 13A) [311]. These nanofibers exhibited long-lasting
photocatalytic antibacterial activities and osteoinductive capabilities,
as shown in Fig. 13B-E.

Human exposure to NPs commonly employed for antibacterial ap-
plications is inevitable. Consequently, concerns regarding their potential
for toxicity are gaining prominence. These nanomaterials are engineered
to interact with cells; therefore, their interactions must not have mini-
mal negative consequences on the human body [306]. Despite the
prevalence of Ag in antibacterial applications, concerns regarding its
effectiveness and safety have emerged. The antimicrobial activity of Ag
is transient, necessitating repeated application. Additionally, the active
ionic form of Ag requires an aqueous environment to exert its effect.
While the majority of studies have investigated the antimicrobial ac-
tivity of Ag ions or NPs in vitro, only a limited number have studied Ag
toxicity using in vivo models [291].

Research has demonstrated that Ag-Cu alloys exhibit superior
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antimicrobial efficacy in comparison to Ag or Cu utilized individually.
However, the antimicrobial efficacy of the Ag-Cu complex is also limited
by the rapid oxidation of Cu [307]. AgNPs have been observed to induce
toxicity in a dose-dependent manner, resulting in oxidative stress and
DNA damage, ultimately leading to cell death [308]. The intracellular
aggregation of AuNPs is a plausible phenomenon due to their diminutive
size, which is believed to be the underlying cause of their toxicity [309].
Many researchers have expressed concerns that the degradation of
implanted NPs may lead to ROS production, apoptosis, or necrosis
[310]. However, there is currently a lack of data on real-time monitoring
of the potential toxic effects of MNPs. Therefore, it is critical to conduct
in-depth and comprehensive studies on the long-term effects of NPs on
human health and the microenvironment with regard to their size,
surface chemistry, shape, quantity, and other necessary characteristics
[311]. In addition, standardized protocols should be developed to obtain
a comprehensive understanding of how MNPs are absorbed, distributed,
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and cleared by living cells or tissues through real-time pharmacokinetic
studies [312].

Furthermore, MNPs can be directed to target the site of infection and
loaded with antibiotics (e.g., vancomycin) or antimicrobial peptides to
circumvent systemic toxicity and antibiotic resistance. For instance,
magnetic NPs can be employed to generate local hyperthermia to
destroy biofilms, and pH-responsive MNPs can selectively release drugs
in the acidic microenvironment near the infected bone [313,314].
However, several gaps remain to be filled, including the optimization of
biofilm penetration by the MNPs, the prevention of repeated infections
due to incomplete bacterial eradication, and the integration of rapid
antimicrobial effects with long-term bone regeneration. In addition, the
potential risk of bacterial resistance to antibiotics encapsulated in
nanoparticles and the lack of standardized in vivo infection models
hinder the clinical translation of MNPs for osteomyelitis treatment.
Therefore, progress in this field is expected to benefit from innovative
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nses/by/4.0/) [305]. Copyright 2020, The authors, published by Springer Nature. (For interpretation of the references to color in this figure legend, the reader is
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combinational therapeutic strategies, such as MNPs loaded with im-
munomodulators, and the development of imaging-compatible MNPs for
real-time infection monitoring.

4.4. MNPs and MNP-based composites for treating critical-sized bone
defect

Bone defects can be devastating and result in significant functional
impairment or even permanent disability. At present, a plethora of
biomaterials are employed in the treatment of skeletal defects. However,
most of these materials are constrained by inherent limitations and are
associated with complications such as corrosion, compromised cell
proliferation, and bacterial adhesion. With recent advances in materials
science and nanotechnology, MNPs have garnered considerable interest
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as they offer a wide variety of options to address the existing problems in
the treatment of bone defects [206]. The physicochemical and biological
properties of MNPs, when combined with implants or hydrogels, can
enhance the antibacterial properties, capacity of bioactive molecule
delivery, and mechanical strength of the scaffolds [52,206]. Scaffolds
comprising organic and inorganic composites containing metallic ele-
ments of Mg, Ag, Fe, Ce, Sr and Zn have been developed for the effective
healing of bone defects.

Like Mg alloys, Mg NPs are biodegradable and biocompatible. These
NPs can be broken down in the body over time without adverse effects
[315] and release ions that promote bone regeneration [316]. The use of
Mg NPs has been demonstrated to enhance osteoconductivity, facili-
tating the attachment and growth of bone cells and integration of the
implant into the surrounding bone tissue to promote regeneration.
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[317]. A number of studies have demonstrated the successful applica-
tions of MgO NPs in promoting bone healing and regeneration across a
range of experimental models. A hybrid hydrogel scaffold comprising
HAp and MgO nanocrystals within a cysteine-modified polyglutamic
acid (PGA-Cys) hydrogel has been shown to enhance the proliferation
and osteogenic differentiation of BMSCs, thereby accelerating bone
defect healing in diabetic rats [318]. A bilayer scaffold comprising HAp
nanorods and MgO was designed for bone healing in rabbit femurs. It
significantly downregulated TNF-a« and IL-1f, while upregulating IL-10
and suppressing osteoclastogenesis, modifying the surrounding milieu
to favor osteogenic cell recruitment [319]. MgO NPs can also promote
blood vessel development and neurite outgrowth [320]. Lin and
co-workers designed microspheres comprised of MgO NPs, poly
(lactic-co-glycolic acid) (PLGA) biopolymer, and alginate hydrogel for
in situ bone regeneration (Fig. 14A-C) [321]. The controlled release of
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Mg ions has been demonstrated to facilitate osteogenic differentiation of
MC3T3-E1 in vitro and stimulate bone regeneration in vivo, as illustrated
in Fig. 14D-F. Injectable hydrogels made from
phosphocreatine-functionalized chitosan (CSMP) incorporating MgO
NPs was designed to repair critical-sized bone defect. These injectable
hydrogels increased calcium phosphate deposition and induced osteo-
genic differentiation of cells by upregulating BSP and OPN in calvarial
defectes in rats [322].

Among different MNPs, AgNPs have been widely studied for treating
critical-sized bone defects by preventing bacterial infections through
their antimicrobial properties, enhancing osteogenesis, and improving
bone fracture healing, as demonstrated in various studies involving
different scaffold materials and nanocomposite formulations [323].
Zheng and colleagues designed PLGA-based composites integrated with
AgNPs and BMP-2, which were proved effective in healing an infected
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Fig. 14. MNPs and their applications for osteogenesis and treating critical-sized bone defect. (A) Graphical representation of a nano-system describing the
controlled release of Mg ions from alginate shells in vivo to effectively stimulate in situ bone regeneration. (B) SEM images of PLGA/MgO-Alginate microspheres.
PLGA = poly (lactic-co-glycolic acid). (C) Image of the microfluidic device and microscopic image of the PLGA/MgO-alginate core-shell droplets. (D) Images showing
the mineralization of MC3T3-E1 cells co-cultured with PLGA-based microspheres on day 21. (E) Micro CT images of the lateral epicondyle and 3D reconstruction
model. (F) Giemsa staining images of newly formed bone tissue (green frame: bone defect; NB: new bone; red cross: region of interest for measuring the Young’s
modulus of new bone; yellow cross: measuring the Young’s modulus of the surrounding mature bone by nanoindentation technique). Reproduced with permission
from Ref. [321]. Copyright 2018, Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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femoral defect in rat models within 12 weeks with eradicated bacterial
infection [324]. Further advancements involved the attachment of
antimicrobial peptides (AMPs) containing osteogenic fragments onto
AgNPs modified with silk fibroin coatings. In vivo implantation of these
SF-based coatings improved osseointegration at weeks 4 and 8, indi-
cating their potential for treating bone defects [325]. Moreover, sodium
alginate and polyacrylamide hydrogel loaded with MgO-Ag>0 nano-
composites exhibited excellent self-recovery and mechanical properties,
while stimulating the proliferation and differentiation of Saos-2 cells
[326]. Collectively, these findings highlight the versatile role of AgNPs
in promoting bone regeneration and combating infections in diverse
biomedical applications.

Iron oxide NPs also play an important role in treating critical-sized
bone defects by enhancing scaffold functionality in several ways
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[206]. These NPs can promote cell adhesion, proliferation, and osteo-
genic differentiation, which is crucial for bone regeneration [327]. Iron
oxide NPs can also contribute to scaffold biocompatibility, antibacterial
properties, and mechanical integrity, supporting their effective use in
bone tissue engineering applications [328]. Various types of magnetic
scaffolds have been developed using iron oxide NPs for bone tissue en-
gineering applications. Aqueous ferrofluids-coated HAp and collagen
scaffolds supported human bone marrow MSCs adhesion and prolifera-
tion [329]. Polyurethane fibrous scaffolds integrated with Fe304/SrO,
NPs and functionalized multiwall carbon nanotubes exhibited excellent
biocompatibility and antibacterial properties [330]. Magnetic poly
(l-lactide) nanofibers stabilized with FesO4 NPs were designed to
develop a bone regeneration substrate, which supported MC3T3-E1 cell
adhesion and proliferation [331]. Additionally, HAp/PLGA composite

roti n fi
Osteoporotic bone defect . O q
Sr-BGn nanocement Osteoblasts
& | S A \ OPG
i ' Pro-angiogenesis Osteoclast T production
| [ progenitors {
{ S N
) ). RANKL ¥
.r‘ Q 4
Ovariectomized g
e 2 CaSR‘ ? VRANK
@
g’ O APK Sr-BGnC setting mechanism
&
7]
% NF- ua 9 tmu/z lons release from Si-CalSr-P precipitates
o \-@Nmﬂ 4 Sr-BGn (amorphous)
= ¥ -0~ network NPs
$ Onearer [ O o . 66
[ pra o ¢ - in
z wopepe= weo, M —> QIR T
2 \l/l,;llé:%:ﬂ:;sszgﬂz mediated ' Setting O O3, Og Precipitates
st % ppo, ™™ “a
D ' i , E
Ovariectomy  Implantation Sacrifice
I } 7 / P u-CT analysis B
8 w-old rat 12w 20w g
N o
/r - Cancellous bone
> | J'| - ivia bone
(8}
- )
F 3.0 0.65 o0
o 25 &
2 0.60
G" 2.0 # E !
E 1.5 5055 %
o 1.0 o 0.50 0]
= Q
o
(1]

=
FS

-
DY

Th separation (mm)

0.8
e Y
&E o oS
o°(\\ 00 90
6&

Fig. 15. Effective use of strontium-based nanocement for treating bone defects. (A) Schematic summary of the multiple-actions of strontium-based nanoscale
cement (Sr-BGnC) in the regeneration of osteoporotic bone defects. (B) FE-SEM image for Sr-BGn. (C) Schematic illustration of the setting mechanism of Sr-BGnC. (D)
Schematic timeline of the in vivo study. Three months after OVX induction, a hole defect was drilled on the rat tibia and the nanocement was implanted. (E) uCT
images of the cortical bone region, with new bone formation in the false color of yellow (left, scale bar = 2 mm), and 3 D reconstruction (right). (F) Quantitative
analysis showing the volume of new bone generated (BV/TV) and bone mineral density (BMD). (G) uCT images and (H) Quantitative analysis of the bone trabecular
index (bone volume, number of trabeculae, thickness and spacing). Reproduced with permission from Ref. [335]. Copyright 2021, Elsevier. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)



Y. Wang et al.

scaffolds modified with Fe3O4 NPs showed adequate porosity, high
mechanical strength, and good osteogenic potential, demonstrating ef-
ficacy in healing bone defects in a rabbit ulna defect model following
bone tumor excision [332].

Apart from the above-mentioned MNPs, other MNPs types, including
cerium oxide, strontium, and zinc oxide NPs, also represent promising
materials for bone regeneration in critical-sized bone defects. The
investigation into tissue-engineered bone scaffolds modified with
cerium oxide NPs revealed their potential to enhance angiogenesis by
increasing the expression of the angiogenic factor VEGF in C3H/10T1/2
cells and promoting ectopic bone formation in vivo [333]. Moreover,
CeO2 NPs enhanced the mineralization ability of MC3T3-E1 preosteo-
blast cells and up-regulated key osteogenic genes such as runt-related
transcription factor 2 (RUNX2), collagen I (COL1), and osteocalcin
(OCN) that are crucial for maintaining bone homeostasis [334]. The
Sr-doped nanoscale cement has been demonstrated to exert a dual effect
on bone repair, namely the promotion of bone formation and the inhi-
bition of osteoclast formation (Fig. 15A-C). The nanoscale cement de-
livery to ovariectomized tibia defective rats (Fig. 15D) demonstrated
substantial bone regeneration capacity in the cortical (Fig. 15E and F)
and adjacent trabecular areas as shown in (Fig. 15G and H) [335].
Similarly, multifunctional nano-layered double hydroxide (LDH) and
bioactive CS scaffolds doped with SrFe;2019 NPs, were designed for in
situ bone formation by effectively blocking the NF-xB signaling pathway
to suppress osteoclast-mediated bone resorption and promoting the
expression of COL1 proteins by osteoblasts [336]. Hybrid nano-
composites of CS, PEG, and HAp-ZnO also exhibited good biodegrad-
ability, erythrocyte compatibility, and antimicrobial activity,
supporting bone tissue growth and protein adsorption [337]. Addi-
tionally, polyurethane scaffolds incorporating ZnO NPs and
multi-walled carbon nanotubes exhibited anti-bacterial properties.
These properties of the scaffolds enhanced osteogenic differentiation of
cells and are recognized as a promising strategy for tackling
osteoporosis-related bone fractures [338].

The utilization of MNPs-doped implants and hydrogels is predicted
to facilitate the repair of critical-sized bone defects, with the simulta-
neous enhancement of both mechanical strength and osteoinductivity.
For instance, iron oxide NPs doped with bioactive glass have been shown
to promote angiogenesis, a critical process for vascularizing regenerated
bone tissue [339]. Furthermore, 3D printed scaffolds containing MNPs
showed stimuli-responsive behavior, such as adapting to mechanical
stress or releasing osteogenic factors (e.g. BMP-2) in response to pH
changes or magnetic fields, allowing dynamic control of bone regener-
ation [340]. Nevertheless, challenges remain in balancing the degra-
dation of the scaffold and the formation of new bone, preventing chronic
inflammation and fibrous encapsulation, and elucidating the cellular
interactions with MNPs. Such interactions may involve rapid phagocy-
tosis or receptor-mediated effects that can in turn trigger undesirable
responses [341-344]. The prospect of combining MNPs with polymers
that can be tailored (for example, dynamically crosslinked hydrogels)
has been identified as a potential solution to the issue of synchronizing
the degradation rate with bone formation in response to local enzymatic
or mechanical cues [345,346]. In order to mitigate chronic inflamma-
tion, immunomodulatory MNPs emerged as effective biomaterials to
promote pro-healing polarization of macrophage [46,111,347]. To
enhance cell predictability, cell membrane-coated nanoparticles can be
utilized to achieve functions such as immune evasion and prolonged
blood circulation time [348]. Furthermore, MNPs can be used for the
sustained, local delivery of osteogenic factors (such as BMP-2 and VEGF)
for the treatment of critical bone defects [349,350].

4.5. MNPs and MNP-based composites for treating OA
OA is a degenerative disease characterized by the gradual loss of

articular cartilage and chronic inflammatory responses, with damage to
multiple other associated tissues. The avascular nature of the articular
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cartilage and its highly dense matrix impede the delivery and penetra-
tion of drugs into the tissue, resulting in low drug bioavailability.
Currently, anti-inflammatory and analgesic drugs taken orally or injec-
ted into the joint encounter several issues, including poor water solu-
bility, low cellular uptake, and premature degradation [351,352].
Clinicians often prescribe NSAIDs, including aspirin, ibuprofen, and
more recently, COX-2 inhibitor such as celecoxib, to relieve pain and
inflammation in OA patients, but these drugs often cause various side
effects, including skin infections, gastric ulcers, mood changes, depres-
sion, and osteoporosis [353]. Given the limitations of existing treat-
ments, there is a need for innovative and more effective interventions to
repair cartilage and delay the progression of OA, while minimizing the
adverse effects. Most MNPs are more stable and have longer half-lives in
vivo than drugs and are therefore often used as drug carriers. MNPs are
also excellent sustained-release systems that can continuously and
steadily release the drugs contained and have a long residence time in
the joint cavity [133,354].

MNPs can have catalytic activities similar to that of antioxidant en-
zymes (e.g., SOD and CAT), thereby effectively reducing oxidative stress
and inflammation [355]. Their small particle size and high surface area
to give them strong catalytic activities, and they are easy to attach to cell
membranes, thereby promoting cell uptake and exerting antioxidant and
anti-inflammatory effects by regulating the redox state of cells and
releasing metal ions [356]. One advantage of MNPs is their ability to
enter cells through various endocytic pathways, including
clathrin-mediated endocytosis and caveolae-mediated endocytosis
[357]. Additionally, due to the negative charge of cartilage, positively
charged MNPs have a higher propensity to enter cartilage, and the
retention of MNPs in cartilage tissue facilitates the gradual release of
metal ions.

AuNPs have great potential in the treatment of OA, mainly due to
their multiple effects on inflammatory responses, cell survival, and
cartilage regeneration [358]. Studies have shown that high concentra-
tions of AuNPs can impair the activity of chondrocytes [358], while low
concentrations of AuNPs have anti-inflammatory properties and can
reduce the expression of inflammatory markers such as IL-1a, TNF-f,
COX-2, and NF-xB in cell cultures and animal models [359]. Previous
studies have confirmed the potential of AuNPs to treat OA by reducing
inflammation and promoting a shift from an inflammatory response to
an anti-inflammatory response [360]. In complete Freund’s adjuvant
(CFA)-induced rat models of RA, treatment with AuNPs reduced the
expression of inflammatory markers, including IL-1a, TNF-B, and COX-2,
and inhibited the NF-xB pathway [361]. Another study using
HA-modified AuNPs in OA Wistar rats indicated that these NPS reversed
the deleterious effects of what on cartilage and simultaneously increased
the levels of transforming growth factor alpha (TGF-a) and FGF, and
anti-inflammatory cytokines [359]. Combining AuNPs with the poly-
phenolic compound curcumin, has demonstrated positive outcomes in
cartilage repair in a mouse OA model [362]. Another study showed that
AuNPs improved the delivery of chondroitin sulfate (CS) to primary goat
chondrocytes, stimulating cell proliferation and the production of GAGs,
collagen, and ECM [363]. In addition, epigallocatechin gallate
(EGCG)-mediated AuAg nanostructures have intrinsic antioxidant
properties, which significantly reduced the apoptosis rate of chon-
drocytes by 83.3 % and increased cell viability in vitro [364]. In addition
to these properties, AuNPs have been found to enhance the activity of
antioxidant enzymes such as SOD [365]. These multifaceted properties
highlight the great potential of AuNPs as an OA therapeutic agent, tar-
geting inflammation, oxidative stress, and cartilage regeneration
pathways.

Cerium NPs (nanoceria) have multifaceted properties and hold great
potential as therapeutic agents for the treatment of OA. These NPs can
scavenge ROS and RNS, thereby reducing oxidative stress [366].
Nanoceria can also mimic the catalytic activity of antioxidant enzymes,
which further enhances their antioxidant capacity [367]. Studies have
shown that nanoceria, especially cerium oxide NPs combined with HA,
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can protect chondrocytes from oxidative stress-induced apoptosis and
upregulate essential cartilage ECM components such as aggrecan and
collagen type II [368]. In addition, nanoceria can counteract the in-
flammatory effects of IL-1a on chondrocytes by increasing glycogen and
proline levels [369]. In OA rat models, nanoceria can reduce apoptosis,
decrease the secretion of pro-inflammatory mediators such as TNF-a,
IL-18, and COX-2, and promote the production of cartilage-derived
glycoproteins and the anti-inflammatory cytokine IL-10. Nanoceria
can also promote the differentiation of MO macrophages to the M2
phenotype, which further promotes cartilage repair [370]. Integrating
microRNA-224-5p onto sea urchin-shaped nanoceria were evaluated for
enhanced OA gene therapy (Fig. 16A and B). These NPs were used to
genetically treat OA by efficiently transfecting microRNA-224-5p and
enhancing ROS-scavenging activities and cartilage formation, as shown
in Fig. 16C-E [371]. Collectively, these findings indicate that nanoceria
represents a promising avenue for therapeutic intervention in OA by
targeting oxidative stress, inflammation, and promoting cartilage
regeneration.

Mn is a trace element with therapeutic effects for the treatment of
OA. Various factors contribute to their efficacy as an OA therapy,
including its antioxidant properties, protection of cartilage integrity,
promotion of cartilage regeneration, and the use of Mn-based NPs a drug
delivery vehicle. MnO NPs can also mimic the action of SOD and POD to
scavenge ROS [372,373]. Studies have shown that MnO NPs can protect
chondrocytes from oxidative damage, while also assisting in the removal
of ROS and reducing the loss of GAG [133]. In another study, MnO NPs
combined with carboxymethyl CS and cartilage-targeting peptides were
found to be effective in MRI imaging and promoting chondrogenesis of
MSCs in a rat model of OA induced by medial meniscus instability [374].
Zhou and colleagues synthesized a novel hydrogel by combining man-
ganese dioxide NPs encapsulating bovine serum albumin with HA and
platelet-rich plasma gel [375]. These hydrogels helped reduce severe
oxidative stress, promoted chondrocyte proliferation, and facilitated
cartilage repair in a rat OA model. These studies collectively highlight
the potential of MnO NPs as a potential therapeutic approach for man-
aging OA and promoting cartilage regeneration.

Several studies have also demonstrated the role of AgNPs in OA
treatment through different mechanisms. For example, AgNPs can
reduce the expression of matrix metalloproteinase (MMP), highlighting
their potential in alleviating cartilage degeneration [376]. In another
study, researchers investigated the effects of caffeic acid-coated AgNPs
on OA chondrocytes in vitro. The NPs were found to be biocompatible
with OA chondrocytes, proving their safety in OA treatment [377]. In
addition, Cu-tantalum nano catalysts infused into silk-based hydrogels
promoted osteochondral regeneration in what animal model. The results
showed that the hydrogels promoted what cell cell proliferation and had
antibacterial and antioxidant properties. In addition, it promoted the
formation of cartilage-specific extracellular matrix [378]. These studies
highlight the multiple benefits of AgNP for OA treatment, including
reducing inflammation, reducing MMP activities, and supporting tissue
regeneration.

Other MNPs, like those based on MgO, CuS, and Fe also possess
several beneficial functions that are desirable for treating OA. MgO NPs
incorporated into porous scaffolds of PLGA promoted chondrogenic
differentiation of MSCs and effectively reduced calcification, necrotic
cell death, and the expression of inflammatory cytokines [379]. Cai and
co-workers investigated the effects of CuS NPs loaded with TGF-f1
transgene in engineered MSCs (Fig. 17A-C) [380]. These biomimetic
CuS NPs demonstrated promising treatment outcomes in rat OA models,
including improved OARSI score (Fig. 17D and E) and increased
collagen type II formation, GAG deposition, and chondrogenic gene
expression (Fig. 17F and G).

In summary, for OA treatment, MNPs are frequently utilized as drug
delivery vehicles due to their prolonged residence time and extended
half-life within the joint cavity. MNPs loaded with antioxidants have
been shown to exhibit higher in vivo stability in comparison to
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antioxidant drugs used as monotherapy for the treatment of OA.
Notwithstanding the noteworthy advancements, there remain chal-
lenges to be surmounted to expedite the clinical implementation of
MNPs in the treatment of OA [381]. In addition, the joint cavity, a closed
space containing synovial fluid, is a crucial consideration in the design
of MNP delivery systems [382]. This results in the rapid elimination of
NPs from the joint cavity via the synovial membrane and the lymphatic
system following intra-articular drug delivery. This necessitates multiple
injections, which increases the risk of infection, toxicity, and off-target
drug delivery. Consequently, further research is imperative to ascer-
tain the long-term toxicity and biological effects of MNPs as potential
OA therapies [383].

4.6. MNPs and MNP-based composites for treating RA

RA is a chronic, systemic autoimmune disease characterized by
symmetric polyarthritis as the primary clinical manifestation [384].
While the exact cause of RA is unknown, the complex formation or in-
teractions of the body’s immune system components, including cyto-
kines and effector cells, are known to be responsible for its
pathogenicity. Current treatments that involve various traditional ap-
proaches, such as infliximab, adalimumab, etanercept, certolizumab,
and golimumab, have shown therapeutic effects to various degrees;
however, long-term use of these drugs causes several adverse effects
[385]. Therefore, innovative therapeutic options for more efficacious
treatment of RA with improved safety are urgently needed.

AuNPs have emerged as a promising therapeutic candidate for RA
management. One study modified AuNPs with a-tocopherol succinate
(a-TOS) and anti-TNF-a siRNA to prevent bone erosion and reduce
cytokine expression in a mouse model of CIA [386]. AuNPs were
encapsulated in liposomes modified with LGNP-CoQ10, and adminis-
tered orally to CIA mice, resulting in a significant reduction in
pro-inflammatory cytokines [387]. HA-AuNPs modified with tocilizu-
mab (HA-AuNP/TCZ) also resulted in lower levels of inflammatory cell
infiltration and reduced cartilage and bone degradation in CIA models
[388]. Liposomes biofunctionalized with anti-IL-23 antibodies and
AuNPs demonstrated compatibility with human articular chondrocytes
and macrophages, which effectively reduced the production IL-17A by
peripheral blood mononuclear cells from healthy donors and patients
with RA [389]. AuNPs conjugated with nuclear localized peptides
(Au-PsNLPs) were also evaluated for their therapeutic effects in CIA rat
models. Au-PsNLPs demonstrated the ability to reduce bone and carti-
lage degeneration, suggesting a protective effect on rat ankle joints.
Additionally, Au-NLS suppressed the expression of inflammatory and
angiogenic factors involved in the progression of arthritis [390].
Another study used rutin-coated AuNPs (R-AuNPs), which showed
prominent anti-arthritic expression of effect in CIA rats. R-AuNPs
downregulated oxidative stress markers and the expression of key in-
flammatory mediators, including NF-kB and iNOS, in vivo [391]. In
addition, CuS + MnO, nanocomposites functionalized with MSCs tar-
geting peptides were developed for effective stem cell therapy for RA
treatment (Fig. 18A and B). The nanocomposites demonstrated
enhanced cell migration, anti-inflammatory activities and cartilage
formation, which effectively reduced cartilage erosion in a rat model of
RA (Fig. 18C-F) [392]. Furthermore, an octahedral Cu sulfide shell with
a gold nanorod core (AuUNR@CuS) was developed for the simultaneous
treatment of RA with PTT, PDT, and chemotherapy to eliminate synovial
hyperplasia. The results demonstrated the effective inhibition of syno-
viocytes and the degree of edema in CIA mice [393]. Collectively, these
studies highlight the versatility and therapeutic promise of AuNPs in
targeting inflammation, protecting joint structures, and advancing
treatment strategies for RA.

Cerium NPs, used alone or in composites, show significant potential
in the treatment of RA by reducing inflammation, scavenging harmful
ROS, and supporting tissue repair [394]. For instance, manganese ferrite
and CeO NPs attached to mesoporous silica NPs (MFC-MSNs) were
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Fig. 16. MNPs and their potential for treating OA. (A) Synthesis of urchin-like ceria NPs via the hydrothermal reaction between Ce (NO3)3-6H50, NazPO,4, and
deionized water, which were then combined with miR-224-5p. (B) TEM images of cerium oxide NPs in the shape of sea urchins. (C) Localization and expression of
miR-224-5p in the knee cartilage of OA patients. (D) Representative micro-CT images of subchondral bone of OA mice treated with different ceria NP-based therapies.
(E) Representative cartilage sections stained with H&E, Alcian Blue, and Safranin O-Fast Green staining of the mouse knee joints. Reproduced under the terms of the
CC-BY-NC Creative Commons Attribution NonCommercial License 4.0 (https://creativecommons.org/licenses/by-nc/4.0/) [371]. Copyright 2023, The authors,
published by American Association for the Advancement of Science. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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B1@PC (referred to as CTP) and introduction to articular joint. (B) TEM images of CuS-NP and CuS@PC. (C) Schematic diagram of the experimental design with knee
joints collected at 6 and 10 weeks postoperatively. (D) OARSI scores measured based on histological analysis of samples collected at day 6 and (E) 10 weeks
postoperatively. (F) Representative images of Safranin-O/Fast green staining, with cartilage lesions highlighted by black arrows. (G) Toluidine blue staining of the
knee joints after different treatments, with lesions highlighted by red arrows. Reproduced under the terms of the CC-BY-NY-ND Creative Commons Attribution 4.0
International license (https://creativecommons.org/licenses/by/4.0) [380]. Copyright 2023, The authors, published by Elsevier. (For interpretation of the references
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Fig. 18. Effective RA therapy by peptide-mediated nanomodification of mesenchymal

stem cells. (A) Schematic of the synthesis of VQ-CuS@MnO/MET NPs.

CuS NPs were chemically synthesized and KMnO4 provided an oxidizing environment to produce CuS@MnO, NPs. An NH2-rich, MSC-targeting peptide (VQ) was
conjugated on the NPs via EDC/NHS reaction. Finally, metformin (MET) was encapsulated in the NPs to form VQ-CuS@MnO,/MET NPs, which were used to modify

MSCs (VCMM-MSCs) for stem cell therapy. (B) Schematic illustration of the establishment
modified MSCs. (C) Typical photographs of the rat hind paws after treatment. (D) Typical

of CIA model and therapeutic regimen of stem cell therapy using NP-
IR images of the hind paws. (E) H&E staining and (F) Safranine O-fast

green staining. Scale bar = 200 pm. Blue and orange arrows indicate synovial inflammation and cartilage erosion, respectively. Reproduced with permission from
Ref. [392]. Copyright 2022, Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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developed and tested in adjuvant-induced arthritis models. MFC-MSNs
showed beneficial effects by reducing inflammation and pathological
signs in the affected joints. They also helped to scavenge ROS and
convert inflammatory macrophages to an anti-inflammatory phenotype
[395]. In another study, albumin-cerium oxide showed effective accu-
mulation in RA synovial tissues. These NPs exhibited enzymatic activ-
ities, allowing them to effectively scavenge oxygen and nitrogen species
in both RAW264.7 and THP-1 cells as well as alleviate joint damage in
CIA mouse models [137]. Furthermore, Fe3O4/CeO2 core-shell NPs
capable of scavenging ROS were evaluated for their effects on J774A.1
cells. The results indicated that the cerium component of these NPs
exhibited intrinsic antioxidant activity, which was effective for scav-
enging ROS, and showed excellent magnetic resonance imaging (MRI)
performance [396].

The therapeutic potential of ZnO NPs in different formulations has
been investigated in various models of RA. Researchers have used zinc
gluconate-loaded chitosan NPs (ZG-CS NPs) to evaluate their effective-
ness in CIA Wistar rats. The NPs reduced the severity of arthritis, as
indicated by reduced joint swelling, erythema, and edema. These NPs
also reduced the levels of inflammatory markers such as TNF-a, IL-1p,
and oxidative stress factors such as catalase, superoxide dismutase, and
glutathione [397]. The researchers developed a method for encapsu-
lating ZnO NPs in mannose-containing liposomes and used them to treat
CIA mice. It was found that the NPs promoted CCL5 degradation through
NF-kB signaling and induced the conversion of immune dendritic cells
(igDCs) in the spleen to tolerogenic dendritic cells (tDCs). In addition,
tDCs in the spleen helped to relieve ankle swelling and inhibit ankle
inflammation [398]. In another study, the researchers investigated the
effect of ZnO NPs using the CFA-induced arthritis rat model. The results
showed that ZnO NPs had an inhibitory effect on a variety of inflam-
matory mediators, including IL-1p, IL-10, and TNF-a. In addition, ZnO
NPs also inhibited the autoimmune response in the rats, as evidenced by
the reduced levels of anti-citrullinated protein autoantibodies [399].

AgNPs are versatile therapeutics for the treatment of RA due to their
antimicrobial, anti-inflammatory, and immunomodulatory effects
[400]. Silver NPs exhibit immunomodulatory properties that can help
regulate the immune system’s responses in RA. Yang and co-workers
synthesized folic acid-modified AgNPs (FA-AgNPs) (Fig. 19A and B),
which inhibited M1 macrophages and activated M2 macrophage for
successful RA treatment (Fig. 19C-E) [401]. Results showed that the
intracellular release of Ag™ played an essential role in this synergistic
action. The release of Ag triggering the apoptosis of M1 macrophages
and facilitating the clearance of ROS, and the repolarization of M1 into
M2 macrophages. Additionally, AgNPs can modulate inflammatory re-
sponses by suppressing pro-inflammatory cytokines such as TNF-a,
IL-1B, and IL-6 [402]. In another study, bergenin-loaded and gum
xanthan-stabilized Ag-NPs were studied in a CFA-induced arthritis
model in what animal. The results demonstrated that BGX-AgNPs
effectively alleviated articular damage and significantly reduced syno-
vitis and inflammation in the paws. Furthermore, BGX-AgNPs exhibited
inhibitory effects on the expression of Toll-like receptors 2 (TLR-2) and
Toll-like receptors 4 (TLR-4). These NPs also reduced the production of
inflammatory cytokines such as TNF-a, IL-1f, and IL-6 [403]. Similarly,
another study reported the synthesis of hesperidin-loaded and gum
acacia-stabilized AgNPs and evaluated their efficacy against arthritic
phenotypes mediated by TLR-2 and TLR-4, resulting in a lower arthritic
score, mild to moderate tissue edema, and reduced degenerative effects
with only moderate articular changes [404].

Although MNPs hold great promises for treatment of RA, several
issues need to be resolved before they can be used as safe and effective
nanomedicine. Firstly, MNPs may remain as residues in healthy tissues.
Such residues can impact the diagnosis and treatment of RA complica-
tions, including pleurisy, valvulitis, interstitial pneumonia, and neuro-
logical damage. Furthermore, despite their potential for treating RA,
MNPs still exhibit issues with their bioavailability. Further research is
required to determine how MNPs can be used to target inflamed joints

31

Materials Today Bio 32 (2025) 101773

with precision. It is essential to ensure that these NPs can effectively
reach the affected areas without negatively affecting healthy tissues. In
conclusion, it is crucial to weigh the advantages and potential draw-
backs of MNPs prior to their clinical trials as RA therapies [384,405,
406].

5. Challenges and future perspectives

Bone and joint disorders encompass a wide range of conditions that
affect the skeletal health and functions. The main treatment strategies
for these disorders involve the use of drugs to slow down the rate of
bone/cartilage loss or promote new tissue formation. However, the
medications used for treating bone and joint disorders often have limited
effectiveness and serious long-term side effects. MNP-based strategies
could markedly augment our ability to tackle bone and joint disorders.
These strategies entail the utilization of MNPs for the targeted delivery
of drugs, growth factors, and siRNA to specific tissue sites, modulation of
immune responses, and elimination of inflammatory and/or degenera-
tive mediators, thereby enhancing their precision and efficacy while
reducing their side effects to achieve improved patient outcomes. To
realize the successful clinical translation of MNPs as novel bone and
joint disease therapies, several emerging areas with the potential to
overcome the current limitations of MNP-based nanomedicine are
garnering increasing attention (Fig. 20).

5.1. Validating and improving MNPs with organs-on-chip (OoC)

Combining bone and joint OoC systems with MNPs provides a
promising avenue for advancing targeted drug delivery and treatments
for bone and joint disorders [412]. This convergence exploits the pre-
cision aspect of nanotechnology and the biological fidelity of OoC
platforms to enhance a compressive understand of MNP delivery to the
intricate microenvironments of bone and cartilage tissues under physi-
ological and pathological conditions. Robust in vitro analyses based on
bone- and joint-mimicking OoCs can illuminate the physicochemical
and biological properties of MNPs in diverse tissue microenvironments,
offering valuable insights for validating the MNPs’ safety and efficacy.
The bone- and joint-mimicking OoCs, characterized by dynamic culture
conditions, serve as a versatile, high-throughput test of disorder plat-
form to bridge current gaps in the translation of nanotechnology for
treatment. These investigations will also address the ethical concerns
over the use of animal models for assessing new drugs, including MNPs,
and bring a paradigm shift in drug development.

5.2. MNP-enabled multifunctional approach for treatment and imaging

The use of MNPs in tissue engineering has opened new opportunities
for various future clinical applications. NP research related to bone and
joint disorders has shown promising results in three main areas: scaffold
design and fabrication, synthesis of NPs for biomolecule delivery, and
NPs for imaging [413-416]. Combining these strategies into a multi-
functional system can provide the appropriate scaffolds, stimulate
cellular functions through intracellular drug release, and track the
delivered cells in vivo via bioimaging. The ability of MNPs to label cells
has a significant impact on the development of new therapeutic solu-
tions. It allows researchers to monitor cell biodistribution and function
after transplantation for an extended period, which can aid in our un-
derstanding of the healing process. Researchers have already used deep
learning combined with nanotomography to visualize MNPs in single
cells [417]. Additionally, future research should report the number of
NPs used, along with pharmacokinetic studies that investigate how NPs
are absorbed, distributed, metabolized, and excreted by organisms.
Moreover, it is crucial to understand the dynamics and pathways asso-
ciated with MNP uptake by cells.
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5.3. Advanced nanotoxicology evaluation

The past decade has witnessed a significant increase in research work
on the biomedical applications of MNPs, but much remains unclear
regarding the interactions between MNPs and living organisms as well
as the underlying mechanisms. The ultrasmall size of NPs results in high
chemical reactivity. Therefore, mechanistic paradigms of bulk metallic
materials are inaccurate when applied to NPs. Most of previous studies
have examined the potential cytotoxicity of MNPs, but further research
is needed to fully understand the possible toxicological effects of MNPs.
Therefore, nanotoxicology should grow alongside nanotechnology to
provide safety profiles for each type of MNPs. Future studies should
comprehensively characterize NPs, including their size, composition,
shape, charge, application mode (immobilized in scaffolds or in a free
form), and interactions with different tissue and cell types. Furthermore,
when MNPs are introduced into the human body, they inevitably
interact with body fluids, thereby adsorbing a variety of biomolecules.
This process gives rise to the formation of a "biomolecular corona’ on the
surface of the NPs, which endows them with new biological properties
and thus determines biological events including cellular uptake, im-
mune response, and biodistribution [418]. In order to standardize the
data collected, it is necessary to establish a representative model for
each type of NP, a toxicity testing protocol, and the composition of the
protein corona.

5.4. Clinical translation of MNPs

Ensuring quality control and reproducibility during the scale-up of
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MNP production for clinical translation represents a significant chal-
lenge. Significant progress has been made in the preclinical evaluation
and clinical trials of MNPs, with a number of MNPs already achieving
regulatory approval. For instance, iron oxide nanoparticles (e.g., Fer-
umoxytol) are utilized clinically for MRI and anemia treatment [419].
Additionally, gold nanoparticle (AuNP)-based therapies, such as Auro-
Shell®, are being studied in clinical trials for localized tumor ablation
[420,421]. Notably, the establishment of regulatory frameworks,
including the FDA’s 2022 Nanotechnology Product Guide and ISO/TS
19807-1:2019 (Characterization of Nanomaterials) standards, has
enhanced reproducibility, safety, and batch-to-batch consistency [422].
However, there remain challenges in scaling up laboratory-scale syn-
thesis to cost-effective, good manufacturing practices-compliant indus-
trial production [423]. Collaborative initiatives such as the
Nanotechnology Characterization Laboratory (NCL) Consortium are
actively addressing the gaps by standardizing protocols for toxicity
analysis, biodistribution studies, and regulatory compliance [424].

5.5. Artificial intelligence (AD) for MNP development

The application of artificial intelligence (AI) techniques, such as
machine learning and data mining, has been demonstrated to facilitate
overcoming the challenges in the design and optimization of MNPs for
various biomedical applications. By leveraging large datasets and
computational models, Al algorithms are able to analyze the intricate
relationships between NP properties, synthesis parameters, and biolog-
ical reactions [425,426], and specifically to model potential outcomes.
This enables researchers to identify novel design principles, optimize
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synthesis protocols, and predict NP behaviors (both in vitro and in vivo)
with greater precision. Al algorithms can also analyze large-scale patient
datasets to identify biomarkers and patterns that can inform the selec-
tion and optimization of MNPs for specific therapeutic interventions.

6. Conclusions

Significant advances have been made in the development of MNPs
for treating bone and joint disorders. This review focuses on the syn-
thesis, characterization, and in vitro and in vivo evaluation of MNPs that
were used alone, loaded with drugs and growth factors, or infused into
hydrogels and scaffolds, to effectively treat osteoporosis, osteomyelitis,
08, critical-sized bone defect, OA, and RA. MNPs have been demon-
strated to be a versatile platform for biomolecule delivery to enhance
bone and joint repair and regeneration, and can offer superior efficacy at
lower costs as compared to conventional therapies. Furthermore, MNPs
can enable a plethora of novel applications and facilitate treatment
techniques with increased precision, leading to more efficacious and
durable implants with reduced incidences of complications such as
infection. Finally, the rapidly evolving AI technology is markedly
accelerating the development and translation of MNPs to enable effec-
tive, potentially personalized applications of MNPs as precision medi-
cine for bone and joint diseases.
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