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A B S T R A C T   

Bone-related diseases refer to a group of skeletal disorders that are characterized by bone and cartilage 
destruction. Conventional approaches can regulate bone homeostasis to a certain extent. However, these ther-
apies are still associated with some undesirable problems. Fortunately, recent advances in nanomaterials have 
provided unprecedented opportunities for diagnosis and therapy of bone-related diseases. This review provides a 
comprehensive and up-to-date overview of current advanced theranostic nanomaterials in bone-related diseases. 
First, the potential utility of nanomaterials for biological imaging and biomarker detection is illustrated. Second, 
nanomaterials serve as therapeutic delivery platforms with special functions for bone homeostasis regulation and 
cellular modulation are highlighted. Finally, perspectives in this field are offered, including current key bot-
tlenecks and future directions, which may be helpful for exploiting nanomaterials with novel properties and 
unique functions. This review will provide scientific guidance to enhance the development of advanced nano-
materials for the diagnosis and therapy of bone-related diseases.   

1. Introduction 

1.1. Bone-related diseases 

Bone-related diseases refer to a group of skeletal disorders that 
manifest as homeostasis imbalance, increased inflammation levels and 
osteoimmunology dysregulation, thus resulting in bone erosion and 
joint deformity [1]. The most common bone-related diseases include (1) 
osteoporosis (OP), characterized by low bone mineral density, disrupted 
bone microstructure, increased bone fragility and fracture risk [2]; (2) 
osteoarthritis (OA), characterized by degenerated articular cartilage, 
serious joint stiffness and deformity [3]; (3) rheumatoid arthritis (RA), 
characterized by aggressive synovial hyperplasia, joint inflammation, 
cartilage damage and joint deformity [4]; (4) bone fracture, character-
ized by destroyed structural integrity, interrupted bone contiguity, 
limited movement and deformity [5]; (5) bone cancer, characterized by 
weakened bone, disrupted bone microstructure, persistent bone pain 
and limited mobility [6]; and (6) bone infection, characterized by 

inflammation and bone destruction caused by bacteria or fungi [7]. With 
the aggravation of the aging population, bone-related diseases have 
become a growing public health problem worldwide. 

The prevalence of bone-related diseases has increased dramatically 
in recent years. OP is estimated to affect over 200 million individuals 
worldwide, and an osteoporotic fracture occurs every 3 s [8]. The 
prevalence of OA exceeds 20% of the middle-aged and elderly popula-
tion in China [9]. In addition, the prevalence of RA has risen to 2.5% of 
the global population [10]. Although the incidence of bone cancer is 
relatively rare, approximately half of patients die of the disease [11]. In 
addition, bone infection is a difficult-to-treat disease with high failure 
rates of up to 20%–30% [12]. Overall, the increased prevalence of 
bone-related diseases imposes a tremendous clinical and socioeconomic 
burden on a global level. 

1.2. Conventional diagnosis approaches for bone-related diseases 

Early diagnosis is a prerequisite for improvement in therapeutic 
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efficacy and survival. The identification of patients with early-stage 
bone-related diseases would be of great importance to avoid unnec-
essary surgical intervention, considering only lifestyle management or 
pharmacological treatments. Conventional diagnosis approaches for 
bone-related diseases mainly depend on radiologic imaging and labo-
ratory tests. Current clinical diagnositic methods for arthritis are tradi-
tionally based on clinical symptoms, radiographic observation and 
biomarker examination. However, when narrowed joint space and 
osteophytes are observed by X-rays, late-stage arthritis is already 
reached [13]. Fortunately, magnetic resonance imaging (MRI) is a useful 
tool for the detection of changed joint signals in the early stage of 
arthritis. For the diagnosis of bone cancer, different approaches are 
widely used, including X-ray, computed tomography (CT), MRI, positron 
emission tomography (PET)-CT scan and biopsy [14]. The diagnosis of 
OP is mainly based on BMD measured by dual-energy X-ray absorpti-
ometry (DXA) [15], and the diagnosis of bone fracture is mainly based 
on X-rays and CT scans. 

However, there is substantial room for improvement. Although MRI 
allows early visualization of structural changes and tumor determina-
tion, developing novel contrast agents with more precise visualization, 
higher biocompatibility and lower toxicity is still needed. In addition, 
invasive measurement of biomarkers in human biofluids may provide a 
better understanding of the dynamic events that occur in the joints [16]. 
Moreover, conventional technological methods are time-consuming, 
relatively costly and poorly predictive. To overcome the aforemen-
tioned limitations and drawbacks associated with conventional diag-
nostic methods, biological imaging and biosensors based on novel 
advanced nanomaterials, which enable more accurate, timely and safer 
diagnosis for bone-related diseases are crucially needed. 

1.3. Conventional therapies for bone-related diseases 

Bone-related diseases are notoriously difficult to treat due to varying 
pathogenesis, management and treatment for these diseases, which have 
become a major medical challenge. Since OP is associated with an 
imbalance in bone homeostasis, antiresorptive drugs such as 
bisphosphonates, RANKL inhibitors, estrogen and the anabolic drug 
such as teriparatide are the main therapeutic options [17,18]. The cur-
rent management of RA is to suppress disease progression and alleviate 
symptoms using disease-modifying anti-rheumatic drugs (DMARDs), 
biological agents, non-steroidal anti-inflammatory drugs (NSAIDs) and 
glucocorticoids [19]. In contrast to RA, there is no effective disease 
modification for OA, and pharmacological therapies largely depend on 
symptom relief using NSAIDs, glucosamine and chondroitin sulfate [20]. 
Current bone fracture therapies are mainly based on titanium alloy 
materials and autologous or allogeneic bone grafts combined with 
anabolic drug administration [21]. For bone cancer, the most common 
treatments are neoadjuvant/adjuvant chemotherapy, surgery and radi-
ation therapy [22]. With rapid advances in anticancer drug discovery, 
targeted therapy drugs such as cabozantinib (Cabometyx), regorafenib 
(Stivarga) and sorafenib (Nexavar) are commercially available [23–25]. 
Current treatment for bone infection mainly depends on long-term 
high-dose antibiotic administration together with aggressive debride-
ment [26]. 

However, there are still some inevitable problems in current thera-
peutic approaches. First, the retention time of drugs is short in vivo due 
to decomposition before reaching the zone of action [27]. Additionally, 
the protection of drugs is limited. The drug structure and function in 
response to a complex physiological environment may be destroyed, 
thus leading to insufficient accumulation of drugs in the lesion site and 
poor clinical efficacy [28]. The targeting ability of drugs is also limited, 
and most drugs can hardly accumulate at bone lesion predilection sites, 
which decreases the therapeutic efficacy of drugs to a large extent [29]. 
In addition, drug overuse easily drives drug resistance to infection, 
which has reached alarming proportions [30]. Moreover, conventional 
orthopaedic implant materials without antibacterial activity may easily 

lead to an inflammatory response and even infection [31], and should be 
concerned for the insufficient biocompatibility and non-degradability 
[32] (Fig. 1). Hence, novel drugs as well as effective drug delivery 
strategies against bone-related diseases with more precise therapeutic 
benefits and fewer adverse side effects are in urgent demand. In this 
context, nanomaterials have emerged as promising candidates for 
bone-related diseases due to their potential versatility, strengthened 
flexibility and diversity. 

1.4. Nanomaterials in bone-related diseases 

The family of nanomaterials has enriched numerous applications in 
the biomedical field due to their diverse structures and compositions. 
Nanomaterials can be classified into inorganic and organic nano-
materials depending on their chemical composition. Organic nano-
materials are a class of emerging materials at the nanoscale composed of 
organic compounds obtained from the extraction of natural products or 
through chemical synthesis. They can be primarily divided into lipid- 
based (e.g., liposomes), polymeric (e.g., solid spheres, micelles, vesi-
cles, and dendrimers), protein and nucleic acid-based nanomaterials. 
Advances in the development of functional organic nanomaterials have 
facilitated their applications in many fields [33]. Relatively, inorganic 
nanomaterials are nanosized materials without carbon-hydrogen bonds 
in their chemical structures. Compared with organic nanomaterials, 
inorganic nanomaterials are generally more chemically and mechani-
cally stable. They can be categorized into metal, ceramic (e.g., metal 
oxide), magnetic, quantum dots, carbon and silica nanomaterials. These 
nanomaterials play a crucial role in energy, chemical industries, envi-
ronment and medicine [34]. 

During the last decade, nanomaterials have been introduced in the 
field of bone-related diseases. Various emerging applications of nano-
medicine for the diagnosis and therapy of bone-related diseases have 
been proposed, including biological tumor imaging, microcrack detec-
tion, arthritis biomarker sensors, targeted delivery and complication 
prevention. In this review, we first described quantum dots, gold, rare 
earth and metal oxide nanomaterials, which provide biological imaging 
for the early diagnosis of bone microfractures, bone tumors and me-
tastases. Additionally, the potential of nanomaterials as biosensors for 
arthritis biomarkers in synovial fluids and peripheral blood is illus-
trated. Then, we focused on current nano-based therapies for bone- 
related diseases. Nanomaterials serve as therapeutic carriers or multi-
functional platforms for bone homeostasis regulation and cellular 
modulation are highlighted. Finally, perspectives in this field are 
offered, including current key bottlenecks and future directions of 
nanomaterials for bone-related diseases. This review provides a 
comprehensive and up-to-date overview of advanced theranostic 
nanomaterials in bone-related diseases and shows promise for exploiting 
nanomaterials with novel properties and unique functions for better 
therapeutic efficacy (Fig. 2). 

2. Nanomaterials for bone-related disease diagnosis 

2.1. Nanomaterials for biomedical imaging 

In most cases, radiographic imaging is still considered to be the first 
choice to diagnose and monitor bone-related diseases. X-rays reveal 
changes in the damaged bone structure and joint space. Computed to-
mography (CT) reconstructs the area of impaired bone and joints in 
multiple planes. MRI evaluates the pathologic conditions of cartilage, 
ligaments, muscles and tendons. Ultrasound can be used to assess the 
variations of bone structures and density. Photoacoustic imaging reveals 
lesion location based on the photoacoustic effect. However, there are 
still some limitations of the current imaging methods. With the devel-
opment of nanomaterials, quantum dots, superparamagnetic iron oxide, 
metal and other nanomaterials have been broadly used in biological 
imaging with higher precision and sensitivity (Table 1). 
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2.1.1. Quantum dots 
Carbon nanodots (C-dots) are attracting considerable attention as a 

nascent candidate for biological imaging [50]. The carboxylic acid 
moieties on the surface of C-dots endowed them with excellent water 
solubility and suitability for subsequent functionalization. Krishana 

et al. showed a modified C-dots nanoprobe to detect calcium deposits in 
bone through fluorescence imaging [41]. Glutamic acid (GA) along with 
amino-functionalized C-dots were conjugated onto hyaluronic acid (HA) 
on the basis of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) 
chemistry. This probe reflected its potential to detect microcracks in 
bone due to its ability to recognize and bind to calcium ions released 
from crack sites. The bound areas could be visualized through illumi-
nation by UV light (365 nm). Moreover, the existence of other basic ions, 
such as Na+ and K+, has no impact on the fluorescence intensity, thus the 
fluorescence could be easily and clearly detected in bone, especially in 
new crack sites. Thereafter, Krishna et al. fabricated another C-dots 
based probe containing both GA and ciprofloxacin, aiming to detect 
micro bone crack, as well as control infection at the crack sites simul-
taneously [51] (Fig. 3A). In addition, Pan et al. synthesized spheroidal 
C-dots with PEG monophosphates in a one-step carbonization process 
[42]. This probe indicated affinity to hydroxyapatite minerals with 
remarkable optophysical properties for imaging after intramuscular 
administration (Fig. 3B). The strong fluorescence traced by C-dots under 
UV light (365 nm) in areas of bone microcracks enabled the long-term 
prediction of more serious bone-related diseases such as occult frac-
tures and osteoporosis. 

Apart from bone crack detection, C-dots are also capable of 
enhancing bone formation. Shao et al. developed citric acid-based C- 
dots and their derivative 1-ethyl-5-oxo-1,2,3,5-tetrahy-droimidazo-[1,2- 
a] pyridine-7-carboxylic acid (Et-IPCA) for tracking and promoting 
osteogenic differentiation of mesenchymal stem cells (MSCs) [52]. 
When the concentration of this fluorescent probe was lower than 50 
μg/ml, it labeled MSCs without affecting cell viability or apoptosis. 
Importantly, this C-dots probe could facilitate osteogenic transcription 
and increase matrix mineralization via the ROS-mediated MAPK 
signaling pathway. Li et al. found that C-dots with low quantum yield 
lighted up calcified zebrafish bones with high affinity, specificity and 
stable retention [53] (Fig. 3C). This novel C-dots probe may be a 
promising vehicle to deliver fluorescein to bones without detectable 
toxicity. To further address whether the high-affinity binding of C-dots 
to bone was preserved after surface modification, several C-dots and 
their conjugates were synthesized by the same research team [54]. No 
negative effect was observed on binding affinity and selectivity to bone 
after functionalization of C-dots. These unique optical properties of 

Fig. 1. Typical bone-related diseases and conventional approaches (blue) for management with inevitable problems (red). NSAIDs, non-steroidal anti-inflammatory 
drugs; DMARDs, disease-modifying anti-rheumatic drugs. 

Fig. 2. General overview of current nanomaterials for bone-related disease 
diagnosis and therapy. Novel nanomaterials provide biomedical imaging [35] 
and biomarker detection [36] for the early diagnosis of bone-related diseases. 
The images reproduced with the permission from Wiley-VCH GmbH and 
Elsevier B.V. Moreover, nanomaterials serve as drug delivery systems [37], 
gene carriers [38], multifunctional scaffolds [39] or platforms [40] for treat-
ment of bone-related diseases. The images reproduced with the permission from 
Oxford University Press, American Chemical Society and WILEY-VCH. 
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C-dots open new venues for bone-specific bioimaging agents and early 
diagnosis of bone-related diseases. 

However, the biosafety of quantum dots (QDs) has been a great 
concern before the QDs community moves into clinical application 
owing to their nanosized effect and heavy-metal components. Once 
exposed to the biological environment, QDs are unlikely to keep their 
original forms, and the transformation of QDs in cells may lead to cell 
morphology and structure variation, cell growth inhibition, mitochon-
drial dysfunction, DNA damage and apoptosis [55]. Therefore, further 
understanding of the mechanisms of nanomaterial toxicity is necessary. 

2.1.2. Metal oxide nanomaterials 
Metal oxide nanomaterials could serve as possible magnetic MRI 

contrast agents in the detection of bone-related diseases. Super-
paramagnetic iron oxide nanoparticles (SPIONs) reveal a high value of 
saturation magnetization in the presence of a magnetic field. Active 
targeting SPIONs can be formed by conjugation with different anti-
bodies, peptides and small molecules, which can also be attached to the 
polymers [56]. Dai et al. coated SPIONs with glucose and dextran, and 
subsequently folic acid was conjugated on the surface to form FA 
glu-dex-SPIONs [57]. The FA glu-dex-SPIONs served as contrast agents 
to visualize antigen-induced arthritis in rats using 7.0 T MRI (Fig. 4A). 
Significant differences in T2-weighted MRI images between the syno-
vium and surrounding tissues were observed 24 h post intravenous 
administration. Besides, FA glu-dex-SPIONs might be useful to quantify 
the recovery level of inflamed joints after 10 days of cyclooxygenase 2 
(COX-2) inhibitor treatment, suggesting that this type of magnetic 
nanoparticles might be used as novel MRI contrast agents for the diag-
nosis and therapeutic response of RA. 

Additionally, Chen et al. developed targeted SPIONs for in vivo la-
beling and tracking of T cells in a collagen-induced arthritis model of 
rheumatoid arthritis [58]. SPIONs were coated with carboxylation of 
polyethylene glycol through a silane-ligand exchange reaction, and the 
monoclonal anti-CD3 antibody was subsequently conjugated on the 
surface via an EDC-NHS reaction to form IOPC-CD3 (Fig. 4B). Serial MRI 
imaging indicated a clear increase in the signal-to-noise ratio of the 
femoral growth plates infused with IOPC-CD3, which was consistent 
with the accumulation of T cells in the corresponding regions. Moreover, 
IOPC-CD3 exhibited high transverse relaxivity, good selectivity and 
bioavailability, indicating its potential as a promising MRI probe in 
clinical applications. Panahifar et al. synthesized a novel bone-seeking 

contrast agent based on alendronate-conjugated SPIONs (SPION-ALE) 
for MRI imaging of bone metabolic activity [59]. SPION-ALE exhibited 
approximately 65% selective affinity binding to HA, which is the prin-
cipal mineral of bone, and 95% SPION-ALE remained strongly bonded to 
HA 24 h later (Fig. 4C). The results indicated the potential of SPION-ALE 
for imaging dynamic bone turnover and diagnosing metabolic 
bone-related pathology. To detect bone metastases, Pourtau et al. 
fabricated trastuzumab-functionalized SPION polymersomes against 
human endothelial receptor 2 (HER2) as novel MRI contrast agents 
(Fig. 4D) [60]. This approach potentiated the specificity and aggregation 
of contrast agents to target cancer cells in vivo, indicating that 
antibody-functionalized magnetic polymersomes might be more 
powerful diagnostic tools for bone cancer using high-resolution MRI. 

2.1.3. Metal nanomaterials 
Metal nanomaterials are one of the most extensively studied delivery 

platforms in numerous fields, such as electronics, chemical catalysis, 
diagnostics and therapeutics [61]. Gold nanostructures have also been 
applied in several imaging techniques due to their unique optical 
properties and broader localized surface plasmon resonance [62]. 
Fournelle et al. fabricated enlarged gold nanorods conjugated with the 
antitumor necrosis factor-α (TNF-α)-targeting antibodies infliximab and 
certolizumab to detect inflammation in arthritis via molecular opto-
acoustic imaging (OAI) [63]. The OAI platform was equipped with a 
focused ultrasound transducer and a pulsed neodymium-doped yttrium 
aluminum garnet (ND: YAG) laser (Fig. 5A). Overexpression of TNF-α in 
arthritic knees was confirmed by the superb optoacoustic properties of 
these gold nanorods, suggesting their potential to visualize molecular 
changes and identify diagnostic markers early over the course of 
arthritis via OAI. Similarly, Vonnemann et al. designed dendritic poly-
glycerolsulfate functionalized gold nanorods (AuNR-dPGs) as an opto-
acoustic signal amplifier for biological imaging of RA (Fig. 5B) [47]. The 
AuNR-dPGs featured 1.7 times more signal than the control group at 
800 nm wavelength illumination. Moreover, AuNR-dPGs demonstrated 
high targeting affinity to inflamed regions. This finding opens a new 
avenue for the diagnosis of RA and other inflammation-associated dis-
eases using multispectral optoacoustic tomography. 

In addition, Ma et al. synthesized PEGylated gold nanorods (PGNRs) 
conjugated with two tumor-specific oligopeptides, PT6 and PT7, to 
target an osteosarcoma cell line (UMR-106) via specific photoacoustic 
imaging (PAI) (Fig. 5C) [46]. Sequential PAI of the osteosarcoma site 

Table 1 
Summary of example nanomaterials for biomedical imaging.  

Types of nanomaterials Imaging methods Diagnosis Advantages Ref. 

Carbon nanodots Fluorescent microscope Bone cracks  • clear visualization of new bone crack under UV light illumination (365 nm)  
• fluorescence intensity is not affected by basic ions 

[41] 

Carbon nanodots In vivo imaging system Bone cracks  • remarkable fluorescence for imaging after intramuscular administration  
• biodegradable 

[42] 

Ultrasmall superparamagnetic iron 
oxide (USPIO) 

MRI Rheumatoid 
arthritis  

• assess early stages of RA before structural changes via significant T1 and T2 effects 
in synovium and synovial effusion after intravenous administration 

[43] 

Superparamagnetic iron oxide 
nanoparticles 

MRI Rheumatoid 
arthritis  

• taken by phagocytic active macrophages of the synovium after intravenous 
injection  

• visualized in MRI for accurate early diagnosis of RA 

[44] 

Superparamagnetic iron oxide 
nanoparticles 

MRI Osteosarcoma  • significantly detect tumor-associated macrophages response to CD47 mAb in 
osteosarcoma 

[45] 

Gold nanorods Photoacoustic imaging Osteosarcoma  • bind selectively to UMR-106 xenografts after systemic administration  
• enhance the contrast of osteosarcoma images by 230% compared with the control 

group 

[46] 

Gold nanorods Photoacoustic imaging Rheumatoid 
arthritis  

• high targeting affinity to inflamed regions  
• feature 1.7 times more signal than the control group 

[47] 

Lutecium-based upconversion 
nanoparticles 

CT Osteosarcoma  • relative higher spectral CT performance than iohexol for the diagnosis of 
osteosarcoma  

• excellent biocompatibility 

[48] 

PLGA-PEG-Folate nanoparticles MRI and In vivo 
imaging system 

Rheumatoid 
arthritis  

• more absorbed in activated macrophages  
• improve the NIR signal in arthritic inflamed tissue at early time point after 

intravenous administration  
• high diagnostic specificity for RA  
• enable the quantification of drug release kinetics. 

[49]  
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showed clear tumor visualization after intravenous administration of 
PGNR-PT6 and PGNR-PT7, and PA images of osteosarcoma were 
contrast enhanced by 170% and 230%, respectively, compared to the 
control group. The PGNR-based nanoprobe modified with derived 
oligopeptide-mediated photoacoustic imaging may open an avenue for 
the tumor type-specific diagnosis of osteosarcoma. Besides, the state of 
bone-related diseases can be monitored by abnormal endogenous sub-
stances. Lee et al. fabricated gold nanoparticles conjugated with 
near-infrared fluorescence (NIRF) dye-labeled hyaluronic acid (HA) as 
nanoprobes (HHAuNPs) for the detection of reactive oxygen species 
(ROS) and hyaluronidase (HAdase) [64]. Local inflammation of rheu-
matoid arthritis and metastatic tumor sites was identified by strong 
fluorescence signals after systemic administration of HHAuNPs 
(Fig. 5D). These results pave the way for the diagnosis of local 
HA-degrading diseases via optical imaging. 

2.1.4. Other nanomaterials 
Rare earth (RE) smart materials are emerging as a promising class of 

biomaterials for bone tissue engineering and implantology [65]. RE 
nanomaterials such as europium (Eu), ytterbium (Yb), gadolinium (Gd) 
and lutetium (Lu) are gaining attention in biological imaging due to 
their unique fluorescence upconversion and penetrating properties in 

tissues [66]. McMahon et al. synthesized a lanthanide luminescent 
contrast agent based on a supramolecular Eu3+ complex for damaged 
bone imaging (Fig. 6A) [67]. This contrast agent possessed high affinity 
binding to Ca2+ sites due to the iminodiacetate moieties, which enabled 
the selective and effective visualization of bone damage for the early 
diagnosis of microcracks. Ytterbium is another RE material used in 
biological imaging with different X-ray attenuation characteristics from 
Ca. Wang et al. synthesized Yb-based nanoparticles conjugated with the 
bone targeting ligand N-nitrilotriacetic acid (NTA) to form YbN-
P@SiO2− NTA as a novel contrast agent for gemstone spectral computed 
tomography (GSCT) scanning (Fig. 6B) [68]. The targeting and accu-
mulation of YbNP@SiO2-NTA toward the bone crack site could be 
visualized in real time by GSCT, indicating a promising approach for the 
diagnosis of micro bone fractures in the future. 

In addition, Nejadnik et al. developed a caspase-3-sensitive gado-
linium-based MRI probe (C-SNAM) for the noninvasive detection of stem 
cell apoptosis in arthritic joints [69]. The C-SNAM was converted into 
Gd nanoparticles cleaved by caspase-3, and the 1H MR signal was 
enhanced by 90% in matrix-associated stem cell implants, thus pro-
longing retention in vivo (Fig. 6C). This novel approach may be useful 
for the diagnosis of stem cell transplant failures at an early stage and the 
development of cartilage regeneration techniques. Additionally, Wang 

Fig. 3. Quantum dots for biomedical imaging. A) Conjugation of GA and ciprofloxacin onto CDs. (i) Bone crack detection (marked) by CDGAC imaged with the IVIS 
system [51]. The images reproduced with the permission from The Royal Society of Chemistry. B) Monodentate ligand can come close together on the CD surfaces to 
chelate Ca2+ which gets exposed abundantly at the site of the microcrack. The fluorescence from the CD can be utilized for the detection of bone microcracks. (ii) 3D 
confocal image of the NPs residing in the bone microcracks (λex = 488 nm). (iii) In vivo fluorescence of monophosphonated CDs in the tibia with distinct site 
enhancement in the signal to background intensity [42]. The images reproduced with the permission from American Chemical Society. C) Zebrafish images under 
white light, blue light excitation and green light excitation 6- and 8-days post fertilization (dpf) with 5 nL injection of 1 μg μL-1 C-dots. (iv) C-Dots deposit with high 
affinity and specificity on ossified bones [53]. The images reproduced with the permission from The Royal Society of Chemistry. 
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et al. modified gadolinium nanoparticles (GdNPs) with bovine serum 
albumin (BSA) and subsequently iodinated them by a chloramine-T 
procedure to form I-BSA-GdNPs [70]. The I-BSA-GdNPs exhibited 
good chemical stability, biocompatibility, an intense coefficient of X-ray 
attenuation and a great drive for MRI. Therefore, the long-circulating 
accumulation and retention of I-BSA-GdNPs in the tumor matrix after 

intravenous administration enhanced dual-model MRI and CT visuali-
zation of osteosarcoma in rats (Fig. 6D). This multimodal imaging probe 
highlighted its potential application for the diagnosis and therapy of 
bone cancer. 

Conjugated polymer nanoparticles are emerging as superior imaging 
substances due to their excellent light trapping nature, tunable 

Fig. 4. Metal oxide nanomaterials for biomedical imaging. A) A sketch of a glucose and dextran coated SPIO nanoparticle. (i) T2-weighted MR image of AIA rats 24 h 
post-injection of SPIO in different groups. The arrow shows the synovium [57]. The images reproduced with the permission from The Royal Society of Chemistry. B) 
Schematic illustration of the stepwise synthesis of IOPC-CD3. (ii) The defined ROIs. And serial T2*WIs (sagittal view) of CIA rat knees infused with IOPC or IOPC-CD3 
[58]. The images reproduced with the permission from World Molecular Imaging Society. C) Schematic picture indicating the preservation of ALN phosphonate 
moieties during conjugation to SPIONs, for subsequent targeting of bone. (iii) TEM image representing numerous bone-targeting SPION-ALN targeted to a HA crystal 
after incubation for 2 h [59]. The images reproduced with the permission from American Chemical Society. D) Multifunctional polymersomes loaded with maghemite 
nanoparticles and grafted with fluorescein and targeting antibodies, directed against HER2, were developed as novel MRI contrast agents for bone metastasis imaging 
in NOD/SCID mice. (iv) Bone BT-474 tumor targeting as assessed from high resolution 3D TrueFisp MRI. Red arrows denote tumor tissue. White arrows denote 
contrast variations on tumor boundaries [60]. The images reproduced with the permission from WILEY-VCH. 
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Fig. 5. Gold nanomaterials for biomedical imaging. A) Optical photograph of the region of interest. (i) Images acquired on two mice affected by arthritis before and 
1 h after injection of control particles (M3) and of nanoprobes (M4). (ii) 3D reconstruction of the signals illustrates that the signals detected M3 correspond to blood 
vessels, whereas the M4 shows diffuse signal enrichment in the articular area [63]. The images reproduced with the permission from Elsevier Inc. B) Synthesis of 
thioctic acid functionalized dendritic polyglycerolsulfate via amide coupling and functionalization of CTAB double-layer coated gold nanorods. (iii) Accumulation of 
gold nanorods in the ankle of an arthritic mouse with the signal coming from AuNR-PEG and AuNR-dPGS [47]. The images reproduced with the permission from 
Ivyspring International Publisher. C) Chemical synthesis of functionalized nanoprobes (PGNR-PT6 and -PT7) for tumor imaging. (iv) Sequential PA MIP frames of the 
tumor site before and after intravenous injection [46]. The images reproduced with the permission from Elsevier Inc. D) Schematic illustration of NSET interaction 
between Hilyte-647 dye labeled oligo-HA and AuNP. (v) UV/Vis absorbance spectra of citric acid stabilized AuNP and HHAuNPs. (vi) TEM image of HHAuNPs. (vii) 
In vivo fluorescence images of collagen-induced RA mice upon local or systemic injection of HHAuNPs. (viii) In vivo fluorescence images of tumor-bearing nude mice 
upon local or systemic injection of HHAuNPs [64]. The images reproduced with the permission from Elsevier Ltd. 
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Fig. 6. Rare earth smart nanomaterials for biomedical imaging. A) Synthesis of 1 (Free Ligand) and Corresponding Eu(III) Complexes 1. Eu and 1.Eu.Na. (i) Confocal 
laser-scanning microscopy images of bone sample immersed in a 1 × 10− 3 M solution of 1.Eu.Na [67]. The images reproduced with the permission from American 
Chemical Society. B) Schematic illustration of the synthesis of YbNP@SiO2-NTA. (ii) TEM images of OA-YbNPs and YbNP@SiO2–NH2. (iii) Zeta potentials of 
corresponding samples. (iv) Conventional CT image at 120 kVp, iodine (HAP) base image, and 3D image of the bone-cracks in the rat after intramuscular injection of 
YbNP@SiO2-NTA and YbNP@SiO2–NH2 solution at 4 h, 24 h, 3 d, and 15 d [68]. The images reproduced with the permission from American Chemical Society. C) 
General design and mechanism of action of the caspase-3-sensitive nanoaggregation MRI probe (C-SNAM). (v) In vivo MRI and BLI of viable and apoptotic rASC 
implants [69]. The images reproduced with the permission from American Chemical Society. D) Schematic Diagram for the Fabrication of I-BSAGdNPs as a MR/CT 
Dual Modality Nanoprobe for Osteosarcoma Visualization. (vi) Orthotopic osteosarcoma animal models. (vii) In vivo T1-weighted MRI images of orthotopic oste-
osarcoma rats. (viii) CT 3D images of orthotopic osteosarcoma rats after Ioversol and I-BSAGdNPs injection [70]. The images reproduced with the permission from 
American Chemical Society. 

K. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 24 (2023) 263–312

271

adsorption and biocompatibility properties [71]. Chen et al. synthesized 
polymer nanoparticles (PNPs) conjugated with the antirheumatic tar-
geted drug tocilizumab (TCZ) to form a near infrared (NIR)-responsive 
nanoplatform (TCZ-PNPs) for the diagnosis and therapy of RA (Fig. 7A) 
[35]. TCZ-PNPs exhibited high targeted affinity, strong NIR-II extinction 
and photostability for effective noninvasive monitoring of RA disease 
progression with a high signal-to-noise ratio of 35.8 dB via photo-
acoustic imaging. The TCZ-PNPs associated with photoacoustic imaging 
guided therapeutic monitoring of RA and further clinical translation. To 
detect articular cartilage degeneration in the early stage, glycosamino-
glycan (GAG)-targeted cationic nanoprobes consisting of poly-L-lysine 
and melanin (PLL-MNPs) were designed for photoacoustic imaging (PAI) 
enhancement [72,73]. PLL-MNPs exhibited high affinity and sensitivity 
to GAGs, which decreased stepwise during the progression of OA 
(Fig. 7B). The cationic nanoprobes enable tracking the changes in GAGs 
to provide sensitive visualization of the state of OA in living models via 
PAI, which indicates a novel approach to diagnose OA in the early stage 
and facilitate OA theranostics. 

In addition, Zhou et al. fabricated PCL67-b-P [Glu6-stat-(Glu-ADA)16] 
polymer vesicles as a single photon emission computed tomography/ 
computed tomography (SPECT/CT) imaging enhancer to detect bone 
cancer (Fig. 7C) [74]. The vesicles could be self-assembled into 
bone-targeted polymer vesicles directly in water. After loading doxo-
rubicin, the polymer vesicles showed an obvious therapeutic effect on 
malignant bone tumors, and the size of the tumors subsequently 
decreased from over 2 cm3 to less than 0.6 cm3 after 11 days owing to 
necrosis and apoptosis of the tumor cells. Therefore, this polymer vesicle 
paves the way for the combination of real-time diagnosis and therapy of 
bone cancer. 

Silica-based nanomaterials are also attractive for bioimaging due to 
their excellent photostability, multivalent binding capability and 
biocompatibility. Lu et al. engineered mesoporous silica-coated bismuth 
sulfide nanoparticles conjugated with arginine-glycine-aspartic acid 
(RGD) peptide to form RGD-Bi2S3@MSN for CT imaging and tumor 
ablation (Fig. 7D) [75]. The RGD-Bi2S3@MSN address the issue of CT 
imaging owing to the high X-ray attenuation of Bi. The distributed 
mesoporous pores and large surface areas allowed ultrahigh doxorubicin 
(DOX) loading and promising drug protection. RGD-Bi2S3@MSN/DOX 
possessed high affinity for tumor cells and enhanced NIR-responsive 
photothermal therapy and chemotherapy to kill osteosarcoma cells 
through the mitochondrial apoptosis pathway. The novel silica-based 
nanomaterial indicated its potential for the diagnosis of malignant 
bone tumors via CT imaging. 

Chemiluminescence (CL) signals activated by chemical reactions 
have the potential for the early diagnosis of various inflammatory dis-
eases. Singh et al. synthesized a CL nanoprobe (BioNT) with high affinity 
for endogenous hydrogen peroxide (H2O2) for inflammation detection in 
pathological tissues [76]. The BioNT was engineered by physical inte-
gration of 9,10-Bis [4’-[4’’-[N-methyl-N-(2-[4-tert-butylbenzoyloxy] 
ethyl)amino]-styryl]styryl] anthracene (BDSA), bis-[3,4, 
6-trichloro-2-(pentyloxycarbonyl)phenyl] oxalate (CPPO) and Pluronic 
F-127 into the ultrafine nanoreactor structure (Fig. 7E). The BioNT 
generated a strong CL torchlight in the inflamed tissues with dual 
selectivity after intravenous administration. Even a tumor that requires 
a long blood circulation duration for targeting could be precisely visu-
alized. The self-lighted nanotorch BioNT might thus be a candidate for 
further diagnostic biomedical applications. 

2.2. Nanosensors for arthritic biomarker detection in human biofluids 

Apart from biological imaging, biochemical markers in human bio-
fluids may also serve as an attractive alternative for the assessment and 
monitoring of bone-related diseases [77]. For instance, glycosamino-
glycans (GAGs) released from degrading cartilage, free radical nitric 
oxide (NO) and proteinases such as ADAMTS, MMP-3 and MMP-13 are 
essential biomarkers for the early diagnosis of OA [78]. Relatively, 

rheumatoid factor (RF) and anti-cyclic citrullinated peptide antibody 
(anti-CCP) are critical biomarkers for RA [79]. Current biomarker 
detection methods consist of enzyme-linked immunosorbent assay 
(ELISA), real-time polymerase chain reaction (RT-PCR), spectrometry, 
etc. These methods still have some disadvantages like insufficient pre-
cision, time consumption and high cost. For this reason, several 
label-free and real-time nanomaterial-based biosensors have been 
widely adopted in the detection of biomarkers with higher precision and 
sensitivity (Table 2). 

2.2.1. Gold nanomaterials 
Recent advances in gold nanomaterials have emerged as novel bio-

sensing tools for the selective detection of biomarkers owing to their 
excellent chemical stability and convenient visible spectral range. Zhao 
et al. fabricated an asymmetric heterogeneous dumbbell-like polyani-
line-gold (PANI-Au) nanocomposite conjugated with graphite-like car-
bon nitride (g-C3N4) as a label-free chemiluminescence (ECL) 
immunosensor for the early diagnosis of RA (Fig. 8A) [80]. This 
biosensor exhibited high selectivity and affinity for anti-CCP. Moreover, 
the linear range of the biosensor was 0.001 ng/ml to 15 ng/ml with a 
detection limit of 0.2 pg/ml for the identification of anti-CCP antibody. 
The good reproducibility and excellent sensing properties may broaden 
the applications of ECL immunosensors in clinical diagnosis. 

To date, the relationship between RA and mycoplasma pneumonia 
(MP) has been confirmed [86]. Jia et al. synthesized Au@Ag nano-
particles (Au@Ag NPs) conjugated with two layers of the Raman dye 5, 
5′-dithiobis-(2-nitrobenzoic acid) (DTNB) as surface-enhanced Raman 
scattering (SERS) tags for the detection of MP in human serum (Fig. 8B) 
[81]. The Au/DTNB@Ag/DTNB NPs possessed high sensitivity and af-
finity to MP-specific IgM with a detection limit of 0.1 ng/ml, which was 
100-fold more sensitive than the colorimetric assay. Hence, the 
Au/DTNB@Ag/DTNB NPs provide potential for the accurate and sen-
sitive detection of RA. In addition, Veigas et al. designed gold nano-
particles conjugated with bifunctional polyethylene glycol (PEG) via a 
thiol group and subsequently covalently coated them with a human IgG 
Fc antibody fragment to form AuNP@IgG Fc for the detection of RA 
using fast colorimetric screening (Fig. 8C) [82]. The aggregation of 
AuNP@IgG Fc was indicated by the rapid and remarkable change in 
solution color from red to purple. AuNP@IgG exhibited quick and reli-
able screening for RF with a detection limit of 4.15 IU/ml, which is 
obviously lower than the clinical standard threshold of 20 IU/ml. 
Therefore, AuNP@IgG may be useful for faster and easier molecular 
screening and diagnosis of inflammatory arthritis. 

A disintegrin and metalloproteinase with thrombospondin motif-4 
(ADAMTS-4) exerts key functions in early cartilage degeneration, thus 
screening ADAMTS-4 would be useful for the early diagnosis of 
cartilage-degrading joint diseases. Peng et al. engineered gold nano-
particles coated with a FITC-modified ADAMTS-4-specific peptide to 
serve as biosensors to identify the activity of ADAMTS-4 in synovial fluid 
(Fig. 8D) [83]. The nanoprobe possessed high affinity and sensitivity to 
ADAMTS-4 with high fluorescence intensity. Moreover, even patients 
suffered from mild cartilage damage with no obvious pathological 
changes on T1-and T2-weighted MRI, the nanoprobe could also deter-
mine ADAMTS-4 activity in biological samples with strong fluorescence. 
This probe thus opens an avenue for the detection of biomarkers in 
human fluids and subsequent diagnosis at an early stage. 

2.2.2. Organic nanomaterials 
Organic nanomaterials are considered as promising drug delivery 

platforms due to their good release kinetics and biodegradability. Nitric 
oxide (NO) is a molecule that plays a key role in the inflammatory and 
degradative cascade of osteoarthritis. Jin et al. fabricated poly-(lactic- 
co-glycolic acid) (PLGA) nanoparticles encapsulating 4-amino-5-meth-
ylamino-2′,7′-difluorofluorescein diaminofluorescein-FM (DAF-FM) as 
an NO nanosensor for monitoring the progression of OA (Fig. 9A) [87]. 
This nanosensor tracked NO levels in synovial fluids with strong 
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Fig. 7. Other nanomaterials for biomedical imaging. A) Schematic illustration of TCZ-PNPs for NIR-II photoacoustic (PA) imaging and therapy of RA model mouse 
using a 1064 nm laser (i) MAP PA/US images of forepaws [35]. The images reproduced with the permission from Wiley-VCH GmbH. B). Schematic illustration of the 
preparation of PLL–MNPs and its mechanism diagnosing OA cartilage degeneration by PAI. (ii) Representative PA images of the knee joints before and after the 
intraarticular injection of the PLL–MNPs and PBS at different time points [73]. The images reproduced with the permission from The Royal Society of Chemistry. C) 
Schematic illustration of bone-targeting polymer vesicles for simultaneous diagnosis and treatment of malignant bone tumor. (iii) SPECT/CT imaging of rabbits 
without and with tumor using 99mTc-labeled vesicles (left) and 99mTc-ADA (right) [74]. The images reproduced with the permission from Elsevier Ltd. D) The smart 
RGD-Bi2S3@MSN/DOX nanoplatform for OS real-time X-ray CT imaging. (iv) In vivo CT images of UMR-106 tumor-bearing nude mice recorded at 2 and 24 h after i. 
v. injection of the RGD–Bi2S3@MSN and Bi2S3@MSN. The tumor site is highlighted by the red circle [75]. The images reproduced with the permission from 
WILEY-VCH. E) Schematic representation of BioNT. (v) Imaging of localized and systemic arthritis with intravenously injected BioNT (n = 4) [76]. The images 
reproduced with the permission from American Chemical Society. 
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fluorescence and determined the therapeutic effect of L-NMMA (a NO 
inhibitor) and Andro (an anti-inflammatory agent) in a rat OA model. 
The novel NO biosensor paves the way for predicting the development of 
OA and therapeutic evaluation. 

Recently, organic–inorganic hybrid nanostructures have been widely 
applied in biological sensing owing to their attractive structural prop-
erty relationship [88]. Hwang et al. synthesized bimetallic nanoparticle 
clusters consisting of an Au core and Ag shell and subsequently conju-
gated them with poly (aniline) to form compartmentalized bimetal 
cluster-poly (aniline) hybrid nanostructures (CBCPHNs) for the identi-
fication of autoantibodies against RA (Fig. 9B) [85]. Anti-CCP and RF 
IgM were simultaneously detected with a detection limit of 0.68 IU/ml 
and 0.93 IU/ml, respectively. The CBCPHN biosensor provides potential 
for the early diagnosis of RA in clinical samples. 

2.2.3. Other nanomaterials 
Graphene is an allotrope of two-dimensional carbon with high 

sensitivity, rapid response time and ease-of-operation properties [89]. 
Based on amine-functionalized graphene (afG) and anti-cyclic citrulli-
nated peptide (anti-CCP) antibody, Islam et al. designed a smart nano-
sensor for the detection of RA in human fluids [36]. Biosensing was 
performed by adding specific antigens to the functionalized graphene 
(Fig. 9C). The nanosensor exhibited high sensitivity and quick response 
to the specific CCP antigen with a detection limit of 10 fg/ml under 
optimized conditions. Thus, this probe may be useful for rapid one-site 
arthritis biomarker detection in clinical samples. 

Hyaluronic acid (HA) exerts a critical role in joint lubrication and 
inflammation. The size distribution and relative abundance of HA in 
human fluids are considered predictors of the progression of numerous 

diseases [90]. Rivas et al. synthesized solid-state (SS-) nanopores for the 
quantitative assessment of HA derived from equine synovial fluids of OA 
knees [91]. The nanosensor was able to determine the size distribution 
of as little as 10 ng HA in synovial fluid. In addition, the sensitivity, 
speed, and small sample volume requirements of this platform provides 
potential for the quantitative analysis of biochemical markers and 
further clinical translational applications. 

3. Nanomaterials for bone-related disease therapy 

Along with bioimaging and biosensor applications for diagnosis with 
more precision, faster response and higher biocompatibility, nano-
materials offer new insight into the effective prevention and therapy of 
bone-related diseases [92]. First, nanomaterials provide a new thera-
nostic platform for drug delivery with sufficient retention time and 
enough systemic concentration at targeted sites, thus achieving the 
desired pharmacological effect [93]. Moreover, the small size of nano-
materials enables them to enter cells, indicating the potential for 
intracellular deoxyribonucleic acid (DNA) or small interfering ribonu-
cleic acid (siRNA) delivery, RNA detection and cellular modulation [94]. 
Additionally, multiple functions can be purposely integrated into 
nanomaterials, such as photothermal, controlled release, immune sys-
tem regulation and antioxidation functions, to improve therapeutic ef-
fects. Furthermore, the surface nano-topography of the scaffolds is a key 
factor for cell adhesion, proliferation and differentiation, thus can be 
tuned for bone tissue regeneration [95]. Finally, some nanomaterials 
exhibit admirable biocompatibility with reduced adverse effects for 
medical applications [96]. In this section, recent advances in nano-
materials for the treatment of various bone-related diseases are 
summarized. 

3.1. Nanomaterials in osteoarthritis 

3.1.1. Nanomaterials as chondroprotective drug carriers 
Nanomaterials are attractive therapeutic tools for osteoarthritis, in 

view of their outstanding targeted delivery, biocompatibility and sus-
tained release properties (Table 3). Nanocrystal-polymer particles 
(NNPs) have been adopted as potential carriers for drug delivery, 
providing a hydrophilic surface and additional bioconjugation capa-
bility. Maudens et al. fabricated NNPs with encapsulated KGN (KGN- 
NNPs) for the treatment of OA (Fig. 10A) [97]. Kartogenin (KGN) serves 
as a CBFβ-RUNX1 pathway activator to promote chondrogenesis and 
cartilage protection. The KGN-NPPs exhibited a high drug loading effi-
ciency of 31.5 wt% and a prolonged drug release efficiency of 62% after 
3 months. Moreover, this delivery system protected KGN from being 
eliminated by intra-articular (IA) clearance. The protective effect of 
KGN-NPPs on cartilage was attributed to the decreased expression of 
VEGF and Adamts5. Similarly, Fan et al. synthesized polyurethane 
nanoparticles (PN) embedded KGN through covalent amide bonds be-
tween the amine group of PN and the carboxyl group of KGN (PN-KGN) 
(Fig. 10B) [98]. PN-KGN attenuated cartilage degeneration with less 
matrix loss and vertical fissures at 12 weeks in the rat OA model, which 
was established by anterior cruciate ligament transection (ACLT) and 
medial menisci resection. These novel approaches showed long-term 
cartilage protection effect for OA treatment. 

Chitosan has been widely investigated for drug carriers owing to its 
polycationic characteristics, good solubility, functionalization and 
biodegradability. KGN coated with chitosan NPs using EDC/NHS 
catalysis methods (CHI-KGN) showed a distinct inhibitory effect on 
cartilage degeneration (Fig. 10C) [111]. CHI-KGN yielded a sustained 
release in the knee joint for 7 weeks after IA injection. In addition, 
berberine chloride (BBR) is an isoquinoline alkaloid that serves as a 
therapeutic agent for ameliorating OA [112]. Zhou et al. fabricated 
berberine-loaded chitosan NPs (BBR-loaded CNs) using the ionic 
cross-linking method along with good stability and sustained release 
properties (Fig. 10D) [113]. The BBR-loaded CNs possessed high 

Table 2 
Summary of example nanosensors for arthritic biomarker detection.  

Types of nanosensors Types of biomarkers Range and limit of 
detection 

Ref. 

Polyaniline-gold 
nanocomposite 

Anti-cyclic citrullinated 
peptide antibody (anti- 
CCP) 

The range of detection 
was 0.001 ng/ml to 
15 ng/ml with a 
detection limit of 0.2 
pg/ml 

[80] 

Au@Ag 
nanoparticles 

Human IgM The range of detection 
was 0.1 ng/ml to 10 
μg/ml with a 
detection limit of 0.1 
ng/ml 

[81] 

Gold nanoparticles IgM rheumatoid factor 
(RF) 

The range of detection 
was 1.6 IU/ml to 41.5 
IU/ml with a 
detection limit of 4.15 
IU/ml (clinical 
threshold is 20 IU/ml) 

[82] 

Gold nanoparticles A disintegrin and 
metalloproteinase with 
thrombospondin motif-4 
(ADAMTS-4) 

The range of detection 
was 3.9 pM–250 pM 
with a detection limit 
of 1.1 pM 

[83] 

Gold nanoparticles Anti-interleukin-1β 
antibody 

The range of detection 
was 0.05 ng/ml to 10 
ng/ml with a 
detection limit of 21 
pg/ml 

[84] 

Organic–inorganic 
hybrid 
nanostructures 

Anti-CCP and RF IgM Multiplexing of anti- 
CCP and RF IgM was 
achieved in low 
concentration ranges, 
and their detection 
limits were 0.68 IU/ 
ml and 0.93 IU/ml, 
respectively 

[85] 

Graphene Anti-CCP The range of detection 
was 1 fg/ml to 1 μg/ 
ml with a detection 
limit of 10 fg/ml 

[36]  

K. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 24 (2023) 263–312

274

anti-apoptosis effects by decreasing the expression of Bax and caspase-3 
and increasing the level of Bcl-2. Oral delivery is the most convenient 
and common route for drug administration, however, gastrointestinal 
(GI) clearance can suppress the pharmacological efficacy of drugs [114]. 
To overcome this biological barrier, Samarasinghe et al. designed 
alginate-enclosed chitosan-calcium phosphate nanocarriers 
(AEC-CP-NCs) encapsulating iron-saturated bovine lactoferrin (Fe-bLf) 
as a drug oral delivery system for attenuating the progression of OA 
(Fig. 10E) [115]. Fe-bLf is a protein with anti-inflammatory and anti-
oxidative properties [116]. The AEC-CP-Fe-bLf-NCs significantly 
inhibited joint inflammation and decreased the level of catabolic genes, 
suggesting that the nanocarriers promoted the therapeutic efficacy of 
drugs for cartilage protection and effective OA treatment via oral 
administration. 

Polymer conjugation with therapeutically relevant proteins is 
broadly used to enhance pharmacological effects. For instance, attach-
ing PEG to proteins is termed PEGylation. McMasters et al. synthesized 
hollow PEGylated poly (N-isopropylacrylamide) (pNIPAM) nano-
particles modified with the 23-mer cell-penetrating anti-inflammatory 
peptide KAFAK, which modulated pro-inflammatory cytokines by 
inhibiting mitogen-activated protein kinase-activated protein kinase 2 
(MK2) [117]. The PEGylated pNIPAM nanoparticles exhibited a 

continuous inhibitory effect on inflammation and suppressed the 
expression of IL-6 in bovine cartilage explants over 8 days, indicating a 
promising platform for the delivery of therapeutics. 

Triblock copolymers are gaining attention in drug delivery systems 
due to their modulated release kinetics, high loading efficiency and 
biocompatible properties [118]. Poly (lactic-co-glycolic 
acid)-polyethyleneglycol-poly (lactic-co-glycolic acid) (PLGA--
PEG-PLGA) triblock copolymeric NPs were used as drug carriers to 
deliver etoricoxib, a cyclooxygenase-2 (COX-2) selective inhibitor, into 
joints for pharmacological therapy of OA [100]. The etoricoxib-loaded 
PLGA-PEG-PLGA NPs attenuated cartilage destruction by down-
regulating the expression of MMP-13 and Adamts-5. The triblock 
copolymeric NPs exhibited sustained drug release for up to 28 days in 
vitro. To slow down hydrolysis and thus increase release times, the PLGA 
block could be replaced by poly (ε-caprolactone-co-lactide) (PCLA) 
blocks [119]. Petit et al. developed an acetyl-capped PCLA-PEG-PCLA 
triblock copolymer loaded with celecoxib to yield 
temperature-responsive gelling systems for drug delivery with sustained 
intra-articular release (Fig. 11A) [120]. Celecoxib is a selective NSAID 
COX-2 inhibitor. The gel systems were typical free flowing sols at room 
temperature and gels at 37 ◦C. The thermogels showed a sustained 
release of celecoxib for 4–8 weeks in the knee joints of healthy rats, 

Fig. 8. Gold nanomaterials for biomarkers detection in human biofluids. A) The preparation method of PANI-Au asymmetric composites and the fabrication process 
of the ECL immunosensor [80]. The image reproduced with the permission from Elsevier B.V. B) Synthetic route for dual dye-loaded SERS tags and schematic 
illustration of quantitative detection of human IgM using SERS-based lateral flow immunoassay [81]. The images reproduced with the permission from The Royal 
Society of Chemistry. C) Schematic representation of the Au-nanoprobe detection of the early RA biomarker-IgM RF, whose colorimetric output provides for the 
readout. On the right: actual photos of real detection samples to illustrate color discrimination by the naked eye [82]. The image reproduced with the permission 
from The Royal Society of Chemistry. D) Illustration of ADAMTS-4 detective fluorescent turn-on peptide-conjugated AuNP probe (ADAMTS-4-D-Au probe) for the 
Detection of ADAMTS-4. (i) Fluorescence images and intensity of the ADAMTS-4-D-Au probe in the presence of various concentrations of ADAMTS-4 to test 
sensitivity [83]. The images reproduced with the permission from American Chemical Society. 
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indicating a promising drug delivery system for the management of OA 
following subcutaneous administration. 

Polyamidoamine (PAMAM) dendrimers are promising cargos for 
penetrating anionic cartilage tissue to target cells due to their small size, 
tunable surface charge, scalable synthesis, robust characterization, and 
flexibility properties. Geiger et al. fabricated PEGylated PAMAM den-
drimers conjugated with insulin-like growth factor 1 (IGF-1) for carti-
lage protection [121]. The modified dendrimer increased IGF-1 
retention in rat knee joints by 10-fold for up to 30 days and penetrated 
human-thickness cartilage at least 1 mm. Moreover, dendrimer-IGF-1 
reduced the width of medial tibial cartilage degeneration by 60% and 
the volume of osteophytes in the joint by 80% relative to untreated rats 
at 1 month postoperatively (Fig. 11B). This novel nanocarrier paves the 

way for enhancing the therapeutic efficacy of drugs and subsequently 
accelerating the development of disease-modifying OA drugs. 

3.1.2. Nanomaterials for gene therapy toward synoviocytes and 
chondrocytes 

Nanomaterial-based gene delivery systems open novel perspectives 
for therapeutic approaches to OA by transferring exogenous nucleic 
acids into cells to alter protein expression profiles [122]. However, the 
clinical application of siRNA is severely limited by its low delivery ef-
ficiency. The siRNA cannot readily enter the cell owing to its high mo-
lecular weight, hydrophilicity and negative charge. Moreover, siRNA is 
highly unstable in the systemic circulation with a short half-life due to 
serum nucleases. Therefore, safer and more efficient delivery systems 

Fig. 9. Organic and graphene-based nanomaterials for biomarkers detection in human biofluids. A) Schematic illustration of NO nanosensors application for pre-
dicting OA development. (i) Tracking the NO secretion in the joints of OA animals with NO nanosensors [87]. The images reproduced with the permission from 
American Chemical Society. B) A scheme for preparation of CBCPHNs. (ii) Schematic illustrations of SERS-based multiplexing using CBCPHNs and MBs for two 
autoantibodies, anti-CCP, and RF IgM detection [85]. The images reproduced with the permission from Elsevier B.V. C) Fabrication of the graphene immunosensor. 
(iii) Activation procedure for antibody (Ab) conjugation to the graphene nanomaterial using the carbodiimide method. (iv) Scanning electron microscopy (SEM) 
analysis of the surface morphology of graphene and graphene-antibody bioconjugate [36]. The images reproduced with the permission from Elsevier B⋅V. 
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are vital for the clinical application of siRNA (Table 3). Chitosan (CS) is a 
well-known biodegradable polysaccharide used as a vector for gene 
therapy. Based on a hybrid hyaluronic acid (HA)/CS plasmid DNA 
strategy, Deng et al. designed HA/CS NPs conjugated with plasmid-DNA 
encoding IL-1Ra to form HA/CS/pIL-1Ra NPs to alleviate inflammation 
in synoviocytes [123]. The HA/CS/pIL-1Ra NPs exhibited protective 
effects on synovitis by decreasing the expression of MMP3, MMP13, 
COX-2 and iNOS with sustained release over 15 days. Similarly, Zhou 
et al. developed CS/HA NPs containing plasmid DNA encoding cytokine 
response modifier A (CrmA), a serpin-like protease inhibitor, to form 
HA/CS-CrmA NPs for cartilage protection in a rat OA model [124]. The 
HA/CS-CrmA NPs successfully transfected synoviocytes with a sustained 
release of plasmid DNA for more than 21 days. Moreover, these NPs 
possessed chondroprotective effects on cartilages and synovial tissues by 
dramatically inhibiting IL-1β generation. 

Apart from plasmid DNA, RNA interference therapy has recently 
become popular for the treatment of OA by gene silencing. Chen et al. 
fabricated a photothermal-triggered nitric oxide nanogenerator loaded 
with Notch1-siRNA to form NO-Hb@siRNA@PLGA-PEG (NHsPP) for the 
precise therapy of OA by synergistic NO, siRNA and PTT treatment 
[125]. This combination therapy inhibited the expression of 
pro-inflammatory cytokines and the macrophage response, thus pro-
tecting cartilage from destruction (Fig. 12A). Additionally, 
hypoxia-inducible factor-2α (Hif-2α) siRNA transfection was conducted 
by chondrocyte-affinity peptide-polyethylenimine (CAP-PEI) nano-
particles to attenuate cartilage degeneration in an OA model [104]. This 
NP-mediated Hif-2α siRNA reduced the expression of catabolic factors 
with prolonged retention duration of siRNA in the cartilage and subse-
quently sustained cartilage integrity and attenuated synovial inflam-
mation. Lipid nanoparticle (LNP) is a novel cartilage therapeutic tool for 
siRNA delivery owing to a small diameter and high encapsulation effi-
ciency. Lipid-based NP combined with Indian Hedgehog (Ihh) siRNA 

was designed as a therapeutic strategy for ameliorating cartilage 
degeneration [126]. As we known, Ihh is correlated with OA progression 
in humans. This LNP-Ihh siRNA enabled cartilage penetration and 
exerted chondroprotective effects in a rat OA model by knocking down 
specific genes. 

Carbon-based nanomaterials are one of the most widely used vectors 
for gene delivery due to their unique properties, including biosafety, 
flexibility, ease of formulation and high delivery efficiency. Carbon dots 
conjugated with sulfosuccinimidyl-4-(N-maleimidomethyl) cyclo-
hexane-1-carboxylate (CD-SMCC) were developed as nanocarriers for 
transferring TNF-α siRNA to promote chondrogenesis of mesenchymal 
stem cells (Fig. 12B) [38]. CD-SMCC-siTnfα enhanced cartilage regen-
eration by suppressing inflammation, indicating a potential stem 
cell-based gene therapy for cartilage defects. In addition, Sacchetti et al. 
fabricated single-walled carbon nanotubes (SWCNTs) conjugated with 
polyethylene glycol (PEG) chains (PEG-SWCNTs) as an intra-articular 
gene delivery system for chondrocytes (Fig. 12C) [127]. The 
PEG-SWCNTs were capable of penetrating cartilage and transferring 
gene inhibitors into the chondrocytes of OA mice with a prolonged 
duration in the knee joint, suggesting as a novel nanovector for 
intra-articular gene delivery and therapy of OA. 

3.1.3. Nanomaterial-based scaffolds for cartilage regeneration 
Nanostructured scaffold is a novel therapeutic approach for cartilage 

tissue regeneration with favorable biocompatibility, controllable 
degradation rate, suitable pore size and porosity and appropriate me-
chanical properties [128]. Scaffolds are primarily manufactured using 
different polymers, such as poly (lactic-co-glycolic acid) (PLGA), poly 
(L-lactide) (PLLA) and poly (ε-caprolactone) (PCL), combined with 
functional groups by electrospinning, phase separation and 
self-assembly to facilitate cartilage repair (Table 3). 

Electrospun nanofiber-based scaffolds have been broadly used in 

Table 3 
Summary of example nanomaterials for osteoarthritis.  

Category Nanomaterials Active principle Main results Ref. 

Drug carriers Nanocrystal-polymer particles PH-797804  • drug loading of ~31.5% (w/w)  
• good retention in the joint and adjacent tissues for up to 2 

months  
• improve inflammation and joint degradation 

[99] 

PLGA-PEG-PLGA triblock copolymeric 
nanoparticles 

Etoricoxib  • sustained drug release over 28 days in vitro  
• decrease expression of COX-2, PGE2 and NO  
• inhibit expression of MMP13 and Adamts-5 

[100] 

Solid lipid nanoparticles Diacerein, polysaccharide 
chondroitin sulfate  

• extended release up to 16 h  
• increase bioavailability of diacerein by 2.8 times 

[101] 

Solid lipid nanoparticles Aceclofenac, chondroitin sulfate  • sustained drug release over 24 h in vitro  
• enhanced accumulation at the knee joint due to specific 

interactions between CS and CD44/annexin/leptin receptors 

[102] 

Gene therapy Copolymer self-assembling 
nanoparticles 

IL-1 receptor antagonist  • bound specifically to target synoviocyte cells via surface IL-1 
receptors  

• increase the retention time of IL-1Ra in vivo over 14 days with 
enhanced IL-1Ra half-life 

[103] 

Polyethylenimine nanoparticles Chondrocyte-affinity peptide, 
Hif-2α siRNA  

• promote the local concentration and prolong the retention time 
of siRNA in the cartilage  

• decrease levels of Hif-2α, MMP13 and IL-1β 

[104] 

Self-assembling peptidic nanoparticles NF-κB p65 siRNA  • persisted therapeutic effect up to 3 weeks  
• attenuate chondrocyte apoptosis via inhibited IL-1β-induced 

p65 activity 

[105] 

Scaffolds for cartilage 
regeneration 

PLGA, nano-sized calcium-deficient 
hydroxyapatite (nCDHA) 

PLGA, nCDHA, arginine- 
glycine-aspartate, alginate  

• provide the dimensional stability of the whole construct and a 
3D environment for the chondrogenesis of hPMSCs 

[106] 

PLGA layer Ti, PLGA  • promote cartilage regeneration by promoting subchondral bone 
regeneration  

• provide mechanical support platform for cartilage 

[107] 

Electrospun PDLA/PCL nanofibers PDLA/PCL, chitosan  • increase expression of collagen type II and proteoglycans [108] 
PLLA/silk fibroin nanofibers PLLA/silk fibroin  • better hydrophilicity  

• support chondrocytes adhesion, proliferation and secretion of 
cartilage-specific ECM 

[109] 

Hybrid peptide nanofibers K-PA, hyaluronic acid  • present a tear-resistant scaffold 
• maintain cartilage-specific matrix proteins and preserve carti-

lage morphology 

[110]  
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cartilage regeneration. Poly (D,L-lactide-co-glycolide) beads were elec-
trospun into nonwoven fibers as PLGA nanofiber scaffolds to induce 
human mesenchymal stem cells differentiated into chondrogenic cells 
[129]. Chen et al. synthesized a modified 3D scaffold based on gelati-
n/PLA nanofibers and hyaluronic acid (HA) for cartilage tissue engi-
neering (Fig. 13A) [130]. The preparation process of this 3D nanofibrous 
scaffold could be generally divided into three steps: (1) electrospinning, 
(2) freeze-drying and (3) cross-linking. Cross-linking of the scaffold was 
necessary for the formation of a stable and interconnected networks. 
This 3D scaffold exhibited hierarchical cellular structure and superab-
sorbent properties. In addition, the scaffold could bear a compressive 
strain as high as 60% and recovered its original shape after the stress 
released in the wet state. Moreover, the modified 3D scaffold enhanced 
the growth and proliferation of chondrocytes for cartilage tissue engi-
neering. Additionally, Li et al. designed 3D biomimetic scaffolds con-
taining electrospun gelatin-polycaprolactone nanofibers and DCECM 
(NF/DCECM) with good biocompatibility for chondrocyte proliferation 
(Fig. 13B) [131]. The NF/DCECM scaffolds exhibited strong mechanical 
properties and wet stability. Moreover, the electrospun nanofiber-based 
scaffold significantly facilitated early maturation of the cartilage lacuna 
and the secretion of collagen and glycosaminoglycan, indicating a 
promising tissue engineering scaffold for cartilage regeneration and 
cartilage defect repair. 

Apart from electrospun nanofiber-based scaffolds, hydrogel scaffolds 
have also been applied for the treatment of OA owing to their inject-
ability, adhesivity and chondrogenic properties. An alginate/poly (vinyl 
alcohol) (PVA) semi-interpenetrating network hydrogel scaffold 
construct with chondroitin sulfate nanoparticles (Chs-NPs) and nano-
hydroxyapatite (nHA) was fabricated with gradient interface to mimic 
the superficial cartilage and deep calcified layers [132]. The injectability 
and in situ sol–gel transformation ability of scaffold ensured integration 
of administered construct with irregular cartilage defects and enhanced 
mineralized subchondral bone regeneration and superficial hyaline 
cartilage in the corresponding zone of osteochondral tissue. In addition, 
Shi et al. developed an ultraviolet-response cross-linked HA hydrogel 
scaffold with kartogenin-encapsulated PLGA NPs using an innovative 
one-step technology for cartilage regeneration (Fig. 13C) [133]. The 
biodegradable scaffolds enabled the recruitment of marrow-derived and 
synovium-derived mesenchymal stem cells for chondrogenesis, sug-
gesting a great potential for clinical translation. 

Carbon-based nanomaterials such as carbon nanotube and graphene 
oxide scaffolds have also been developed in cartilage tissue engineering. 
Single-wall carbon nanotube (SWNT) nanocomposite scaffolds have 
been synthesized to enhance chondrogenic ability [134]. The –COOH 
surface of SWNTs regulated chondrocyte metabolic activity by 
increasing the expression of Col2a1 and fibronectin. Following a similar 
strategy, pristine carbon nanotube scaffolds have been used for chon-
drocyte growth [135]. In addition, graphene oxide (GO) nanosheets 
incorporated with photopolymerizable poly-D, l-lactic acid/poly-
ethylene glycol (PDLLA) and transforming growth factor-β (TGF-β) were 
used as localized delivery scaffolds for cartilage tissue regeneration 
[136]. The TGF-β3-GO/PDLLA scaffolds promoted chondrogenic 

differentiation of hMSCs with a sustained release of TGF-β3 for more 
than 1 month, indicating a potential strategy for treating OA. 

3.2. Nanomaterials in rheumatoid arthritis 

3.2.1. Nanomaterials as passive targeting drug carriers 
The main pathological characteristics of RA are enhanced vascular 

permeability and macrophage infiltration, which are similar to the 
mechanisms of tumors. Based on this, a passive targeting strategy for RA 
aims to increase the permeability and retention effect of nanocarriers to 
selectively accumulate and release drugs in the synovium [137]. A va-
riety of nanomaterials, such as polymers, liposomes, metal NPs and 
quantum dots, could serve as nanocarriers for anti-rheumatoid arthritis 
drugs (Table 4). 

Polymer nanomaterials have been broadly used as targeting drug 
carriers against RA with good biocompatibility, biodegradability, syn-
thetic flexibility and appropriate mechanical properties [164–166]. 
Amphipathic poly (ethylene glycol)-block-poly (ε-caprolactone) 
(PCL-PEG) polymer micelles loaded with low-dose dexamethasone 
(Dex) were designed for targeted delivery to inflamed joints of rats with 
RA (Fig. 14A) [167]. The Dex-PCL-PEG micelles significantly attenuated 
joint swelling and bone destruction, and inhibited the expression of 
inflammatory cytokines. Qindeel et al. fabricated a 
polycaprolactone-polyethylene glycol-polycaprolactone (PCL-PEG-PCL) 
triblock copolymer as a nanocarrier for the targeted delivery of meth-
otrexate (MTX)-loaded nanomicelles (NMs) against RA (Fig. 14B) [138]. 
The MTX-NMs possessed an encapsulation efficiency of 91% and were 
loaded into a carbopol 934-based hydrogel with eucalyptus oil for 
transdermal delivery. MTX-NMs obviously accumulated in the inflamed 
joints and thus improved the pharmacokinetics, oxidation protection 
and behavioral responses. In addition, Aloga et al. developed bioinspired 
reconstituted high-density lipoprotein (rHDL) NPs loaded with xylopic 
acid (XA), a diterpene kaurene with anti-inflammatory and analgesic 
properties, for the treatment of RA (Fig. 14C) [168]. The rHDL/XA 
passively aggregated in inflamed joints and subsequently inhibited 
mononuclear cell infiltration and joint progression via the amino acid 
and lipid metabolism pathways. The rHDL/XA nanoformulation pro-
vides a potential for RA therapy. 

Liposomes serve as an effective delivery system composed of double 
lipid layers surrounding an aqueous core, which possess good biological, 
physical and chemical properties for the treatment of RA [169,170]. The 
polymerized stealth liposomes were developed by bis(10,12-tricosa-
diynoyl)-sn-glycero-3-phosphocholine (DC8,9PC) and 1,2-dis-
tearoylsn-glycero-3-phospho-ethanolamine-poly (ethyleneglycol) 
(DSPE-PEG2000) as a vehicle for Dex delivery against RA (Fig. 14D) 
[171]. The polymerized stealth liposomes selectively aggregated in the 
inflamed joints after intravenous administration and inhibited proin-
flammatory cytokine expression, thus attenuating swelling and bone 
erosion of inflamed joints. Additionally, iRGD peptide-functionalized 
echogenic liposomes (iELPs) loaded with MTX and indocyanine green 
(ICG) fluorescent probes were synthesized using a thin film-hydration 
method (Fig. 14E) [172]. The iELPs provide a nanoplatform for NIR 

Fig. 10. Nanocrystal-polymer and chitosan-based nanocarriers for osteoarthritis therapy. A) Schematic representation of a KGN-NPP. (i) SEM of surface and core of 
KGN-NPPs. (ii) Representative safranin-O/fast green and IHC showing the medial side of the knee of mice at day 56. Femur (above), tibia (below). Arrows indicate 
cartilage erosion. Scale bar = 200 μm [97]. The images reproduced with the permission from WILEY-VCH. B) Illustration of the procedures to synthesize PN-KGN. 
(iii) TEM of PN-KGN. (iv) In vitro release of KGN from PN-KGN at 37 ◦C. (v) Macroscopic views of OA development at 3, 6, and 12 weeks after OA induction. Arrows 
indicate the locations of cartilage degeneration (n = 6 per group) [98]. The images reproduced with the permission from Taylor & Francis. C). Proposed reaction 
scheme of CHI-KGN conjugate. (vi) Safranin-O and Alcian-blue staining on day 21. (vii) In vivo fluorescence imaging and relative intensity using fluorescence 
dye-labeled CHI-KGN NPs (left knee) and CHI-KGN MPs (right knee) at various time points from rats in which OA was induced surgically 6 weeks before [111]. The 
images reproduced with the permission from Elsevier Ltd. D) Effects of BBR-loaded CNs on protein expressions of caspase-3, Bcl-2 and Bax in rat articular cartilage 
from each experimental group. (viii) Effect of BBR-loaded CNs on histological changes in articular cartilage of the rat ACLT + MMx model [113]. The images 
reproduced with the permission from Elsevier B.V. E) SEM of C-CP-Fe-bLf-NCs and chemical bonding analysed using FTIR analysis. (ix) Fluorescence and bio-
distribution of arthritic mice treated with (a) control diet and (b&c) Cy5.5 dye labeled AEC-CP-Fe-bLf-NC diet were fed orally 36 h prior to being euthanized and 
imaged. Arrows show the localization of NC in joint cartilage. (x) Schematic diagram illustrating the signaling mechanism modulated by AEC-CP-Fe-bLf-NCs in 
arthritis [115]. The images reproduced with the permission from Elsevier Ltd. 
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imaging and ultrasound-mediated therapy against RA by upregulating 
the expression of αvβ3 integrin. In addition, Ren et al. fabricated lipo-
somes conjugated with varying amounts of PEG of different chain 
lengths using lipid film dispersion and extrusion for the treatment of RA 
(Fig. 14F) [37]. Of these, liposomes with 100 nm diameter and 10 wt% 
incorporation of 5 kDa PEG exhibited longer circulation time and high 

affinity to inflamed joints. The liposome-based nanocarrier ameliorated 
the progression of RA by enhancing the phagocytic abilities of synovial 
fibroblasts and macrophages, suggesting a potential passive targeting 
therapy against RA. 

Metal nanomaterials are increasingly used as delivery platforms for 
the treatment of RA owing to their unique mechanical, chemical and 

Fig. 11. Lipid, triblock copolymers and dendrimer-based nanocarriers for osteoarthritis therapy. A) Phase behavior of celecoxib-loaded PCLA-PEG-PCLA systems of 
25% wt in PBS buffer pH 7.4. (i) Temperature-dependent storage modulus G′ of systems containing different celecoxib loadings (n = 3). (ii) Thickness of both the 
medial and lateral tibial plateau of the different groups. (iii) EPIC-μCT and Saf-O images of the three different groups [120]. The images reproduced with the 
permission from Elsevier Ltd. B) Design and synthesis of bioactive PEGylated dendrimer–IGF-1 conjugates as cartilage penetrating nanocarriers. (iv) PEGylated 
dendrimer nanocarriers extend joint residence and cartilage penetration of IGF-1 in rats. (v) Dendrimer-IGF-1 conjugate reduces cartilage degeneration 4 weeks after 
surgical traumatic joint injury. (vi) Dendrimer-IGF-1 conjugate reduces osteophyte burden in surgically injured rats 4 weeks after surgery [121]. The images 
reproduced with the permission from American Association for the Advancement of Science. 
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physical features [173,174]. Kim et al. fabricated manganese ferrite/-
ceria nanoparticle-anchored mesoporous silica nanoparticles 
(MFC-MSNs) loaded with MTX for RA therapy by scavenging ROS and 
generating O2 (Fig. 15A) [175]. The MFC-MSNs attenuated the patho-
logical features of the inflamed joints by inducing polarization of M1 to 
M2 macrophages. Similarly, triamcinolone-gold nanoparticles (Tri-
am-AuNPs) were designed for targeted RA therapy through M1 macro-
phage apoptosis and M2 macrophage polarization (Fig. 15B) [141]. 
Additionally, hyaluronate-gold NPs loaded with tocilizumab 
(HA-AuNPs/TCZ) were synthesized for the treatment of RA by targeted 
binding to VEGF and IL-6R (Fig. 15C) [176]. In addition, Lima et al. 
developed gold nanoparticles (AuNPs) conjugated with liposomes and 
anti-IL-23 Abs for IL-23 capture and neutralization, thus inhibiting the 
production of IL-17A cytokine and articular destruction in RA (Fig. 15D) 
[177]. Therefore, these metal nanomaterial-based innovative strategies 
present a great potential to revolutionize RA treatment. 

For passive targeting, the prepared drug carrier complex circulates 
through the bloodstream. In this approach, the timing of release is 
crucial as the drug will not reach the target site and it dissociates from 
the carrier very quickly, compromising the bioactivity and efficacy. By 
contrast, for active targeting, moieties, such as antibodies and peptides 
are coupled with drug delivery system to anchor to the receptor struc-
tures expressed at the target site. The drugs intended for direct release at 
the target sites can achieve more efficient delivery. Therefore, active 
targeting drug delivery is a more promising direction in the future. 

3.2.2. Nanomaterials as active targeting drug carriers 
An active targeting strategy could further improve the precision of 

drug delivery and therapeutic efficacy of RA. Surface modification with 
specific ligands allows nanomedicine to target several receptors of RA- 
related cells, such as macrophages, endothelial cells and neutrophils 
(Table 4). 

Macrophages are activated in the inflamed joints of RA, which 
overexpressed a variety of specific receptors such as scavenger receptors 
(SR), folate receptor (FR), CD44 receptors, galactose receptors, mannose 
receptors, vasoactive intestinal peptide (VIP) receptors, folic acid re-
ceptors and CRIg [178–180]. For instance, Gong et al. fabricated pal-
mitic acid-modified bovine serum albumin nanoparticles (PAB NPs) 
loaded with the anti-inflammatory drug celastrol (CLT) targeted to 
scavenger receptor-A (SR-A) on activated macrophages for RA treatment 
(Fig. 16A) [181]. The CLT-PAB NPs possessed enhanced electronega-
tivity and introduced PA for SR-A targeting effects, and showed superior 
therapeutic efficacy with a lower dose of CLT in adjuvant-induced 
arthritis rats. In addition, methotrexate-conjugated polymer hybrid 
micelles (M-PHMs) were synthesized using MTX-PEI-LA and mPEG-LA 
and subsequently loaded with microRNA-124 for RA therapy 
(Fig. 16B) [182]. M-PHMs/miR-124 selectively aggregated in inflamed 
joints of RA rats and suppressed inflammation by folate 
receptor-mediated endocytosis, thus protecting bone from destruction. 
Additionally, HA-modified metal-organic frameworks (MOFs) were 
developed to targeted delivery MTX for RA therapy (Fig. 16C) [183]. 

Fig. 12. Nanomaterials for gene therapy of OA. A) Assembly process for NHsPP nanoparticles with a photothermal response. (i) The process of NHsPP nanoparticles 
inhibiting the macrophage inflammatory response after being triggered by the photothermal effect [125]. The images reproduced with the permission from The Royal 
Society of Chemistry. B) Schematic illustration of the formation of carbon dot (CD)-succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate-silenced TNFα 
complexes and the CD-based nanocarrier for gene delivery and real-time monitoring of cellular trafficking in vitro and in vivo for enhancing cartilage repair [38]. The 
image reproduced with the permission from Oxford University Press. C) Scheme of PEG-SWCNTs as Chondrocyte-Specific Drug Delivery Systems [127]. The images 
reproduced with the permission from American Chemical Society. 
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Fig. 13. Nanomaterials-based scaffolds for cartilage regeneration. A) Schematic illustration for 3D scaffold preparation. (i) Macroscopic images and histological 
analysis of cartilage defect area from three groups at 12 weeks after surgery [130]. The images reproduced with the permission from American Chemical Society. B) 
Schematic diagrams of the 3D scaffold synthesis and their application for cartilage tissue engineering. (ii) Gross view and histological evaluation of repaired region at 
6 and 12 weeks postsurgery [131]. The images reproduced with the permission from American Chemical Society. C) Schematic of KGN-loaded PLGA nanoparticles, 
the surgical procedure for the cartilage defects repair and the hyaline cartilage chondrogenesis with photo-crosslinked HA scaffold encapsulated with KGN-loaded 
nanoparticles. (iii) Results of in vivo cartilage defects repair using KGN-loaded photo-cross-linkable scaffold [133]. The images reproduced with the permission from 
American Chemical Society. 
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Table 4 
Summary of example nanomaterials for rheumatoid arthritis.  

Category Nanomaterials Active principle Main results Ref. 

Passive targeting drug 
carriers 

PCL-PEG-PCL triblock 
copolymer 

MTX-loaded nanomicelles  • encapsulation efficiency of 91%  
• improve the pharmacokinetic (4.34-fold greater half-life, 3.68-fold 

higher AUC0-t and 3.15-fold higher mean residence time) 

[138] 

HSA-based nanoparticles Prednisolone, curcumin  • drug loading efficiency of 85%  
• increase levels of anti-inflammatory cytokine  
• accumulate to a greater extent at inflamed joints 

[139] 

Liposomes amide prodrug of sulfapyridine  • longer retention in synovial joint with less polydispersity index [140] 
Gold nanoparticles Triamcinolone  • reduce ROS and inflammation levels  

• repolarize macrophages from M1 to M2 
[141] 

Quantum dots MPA-capped CdTe QDs, 
celecoxib  

• enable bio-imaging for drug distribution [142] 

Active targeting drug 
carriers 

Silver nanoparticles folic acid, Ag+ • M1 macrophages targeting delivery via folate receptor  
• release Ag+ in response to intracellular GSH  
• facilitate M1 to M2 macrophages polarization 

[143] 

Solid lipid nanoparticles Prednisolone, hyaluronic acid  • bind to hyaluronic receptor CD44  
• accumulate in affected joint tissue  
• reduce levels of inflammatory cytokines 

[144] 

Hydroxyapatite nanoparticles Methotrexate, teriflunomide, 
hyaluronic acid  

• target for CD44 receptors overexpressed on inflamed macrophages  
• enhance the safety and efficacy of the treatment 

[145] 

Nanoliposomes Chondroitin sulfate, 
teriflunomide  

• active targeting towards CD44 receptors  
• accumulate in synovial region with no signs of liver toxicity 

[146] 

PLGA nanoparticles Celastrol, RGD peptide  • high cellular uptake in OCs and macrophages via RGD-αvβ3 integrin 
interaction  

• induce the apoptosis of OCs and macrophages 

[147] 

Active targeting drug 
carriers 

Micelles MTX, sialic acid-dextran- 
octadecanoic acid  

• target for E-selectin receptors in inflamed cells  
• sustained drug release behavior over 48 h  
• inhibit inflammatory response and diminish the adverse effects of 

MTX 

[148] 

Human serum albumin 
nanoparticles 

MTX, mannose  • target neutrophils via binding to mannose receptors  
• suppress angiogenesis and inflammatory cytokines 

[149] 

Gene therapy Solid lipid nanoparticles TNF-α siRNA  • high siRNA encapsulation efficiency (>90%)  
• a minimum burst release of siRNA (<5%)  
• increase siRNA delivery in chronic inflammation sites 

[150] 

Calcium phosphate 
nanoparticles/liposome 

NF-κB siRNA, MTX  • target for folate receptor  
• reduce expression of pro-inflammatory cytokines via NF-κB 

signaling pathway 

[151] 

PEG nanoparticles IL-1 receptor antagonist  • the half-life is boosted to the level of 30 h  
• bioavailability is boosted by 7 times 

[152] 

Polymeric nanoparticles Mcl-1 siRNA, PK3, folate  • pH-dependent siRNA release from nanocarriers with accelerated 
release at pH 5.0  

• target for folate receptor 

[153] 

Gene therapy PEG-b-PLGA nanoparticles BTK siRNA  • inhibit BTK expression in macrophages and B cells  
• reduce joint inflammation with no toxicity 

[154] 

Alginate nanoparticles IL-10 plasmid DNA, tuftsin 
peptide  

• active macrophage targeting  
• repolarize macrophages from M1 to M2 state 

[155] 

Polymeric nanoparticles miR-21, IL-4  • prolong blood circulation  
• passively accumulate in the inflamed joint  
• attenuate inflammation via NF-κB inhibition  
• promote macrophage polarization to M2a/M2c 

[156] 

Nanomaterials with 
Special Function 

Metal oxide nanoparticles Fe3O4  • display superior photothermal conversion ability upon the 
irradiation of NIR laser 

[157] 

Nanogold-core dendrimer Au, MTX  • offer photothermal benefit upon NIR laser irradiation  
• poly dispersibility index: 0.39 ± 0.02  
• selective localize in arthritic tissue via folate receptors 

[158] 

Palladium nanosheets Palladium, MTX, RGD peptides  • show controlled MTX release under irradiation of 808 nm (0.3 W 
cm− 2)  

• inhibit the inflammatory response induced by VEGF and IL-1β 

[159] 

Black phosphorus nanosheets, 
chitosan 

Black phosphorus, platelet-rich 
plasma  

• generate local heat upon near-infrared irradiation  
• deliver ROS to the inflamed joints  
• improve the adhesion and increase capacity of mesenchymal stem 

cells 

[160] 

PLGA-quadrilateral ruthenium 
nanoparticles 

Dextran sulfate, quadrilateral 
ruthenium, resveratrol  

• exhibit photothermal effect  
• accumulate in lesion area with an exogenous stimulus  
• reverse the M1 type macrophages to the M2 type macrophages 

through an accurate release 

[161] 

Polymeric nanoparticles Neutrophil membrane  • neutralize proinflammatory cytokines  
• suppress synovial inflammation  
• target deep into the cartilage matrix 

[162] 

Au@polydopamine 
nanoparticles 

Tocilizumab, Au  • effectively scavenge oxygen free radicals  
• inhibit the formation of related inflammatory factors 

[163]  
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The novel MOFs improved RA symptoms by targeting CD44 receptors 
with a drug loading of 45% and sustained drug release. These nano-
carriers provide a great potential for RA treatment through active tar-
geting toward macrophages. 

Vascular endothelial cells (VECs) are critical cells in angiogenesis 
that increase the recruitment and adhesion of inflammatory cells in the 
progression of RA [184]. Actively targeting the receptors of activated 
VECs, such as integrin αvβ3 and E-selectins, has been adopted to treat RA 
[159,185]. The RGD peptide exhibits high affinity for integrin αvβ3. 
RGD-modified polymeric micelles loaded with MTX and nimesulide 

(R-M/N-PMs) were synthesized for RA therapy [186]. The R-M/N-PMs 
increased retention time in the inflamed joints and attenuated swelling 
of joints and bone destruction. Additionally, integrin αvβ3-targeted 
lipase-labile fumagillin prodrug nanoparticles were fabricated for RA 
treatment by suppression of inflammation. In addition, sialic 
acid-dextran-octadecanoic acid (SA-Dex-OA)-modified micelles loaded 
with MTX were designed as a multifunctional platform for drug delivery 
and bone regeneration of RA (Fig. 16D) [148]. The Dex-OA/MTX mi-
celles targeted E-selectin and subsequently decreased the inflammatory 
response and promoted bone repair. 

Fig. 14. Polymer and liposomes-based nanomaterials as passive targeting drug carriers. A) Schematic preparation and therapy of Micelles-Dex [167]. The image 
reproduced with the permission from Elsevier B.V. B) Reaction scheme for the synthesis of PCL-PEG-PCL. (i) Schematic mechanisms of MTX nanomicelles-based 
hydrogel against RA [138]. The image reproduced with the permission from American Chemical Society. C) Schematic summary of the entire study [168]. The 
image reproduced with the permission from Elsevier Ltd. D) Chemical structure of DC8,9PC, DSPE-PEG2000 and schematic of polymerized stealth liposomes with 
loaded Dex [171]. The image reproduced with the permission from The Royal Society of Chemistry. E) The schematic illustration of iELPs and the mechanism of NIR 
fluorescence imaging and treatment [172]. The image reproduced with the permission from Ivyspring. F) Schematic of the characteristics and RA targeting effect of 
liposomes in the inflammatory microenvironment of RA. Liposomes were mainly taken up by macrophages and fibroblasts after entering the joint cavity through the 
leaky vasculature. Fewer liposomes were taken up by endothelial cells [37]. The image reproduced with the permission from American Chemical Society. 
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Activated neutrophils are also a crucial type of RA-related cells that 
express abundant mannose receptors and PSGL-1. Lyu et al. developed 
human serum albumin nanoparticles conjugated with mannose and 
loaded with MTX (MTX-M-NPs) to target neutrophils for RA therapy 
(Fig. 16E) [149]. MTX-M-NPs significantly suppressed angiogenesis and 
inflammatory cytokines, thus improving joint swelling and bone 
destruction in the RA rat model. Additionally, a “shield and sword 
nanosoldiers” strategy for RA was established with low molecular 
weight heparin (LMWH)-d-α-tocopheryl succinate (TOS) nanoparticles 
(LT NPs) for multistage manipulation of neutrophils by targeting PSGL-1 
(Fig. 16F) [187]. The activated neutrophil-targeted delivery of MTX to 
inflamed joints enhanced the therapeutic efficacy of RA. 

On the other hand, although these active targeting nanocarriers 
improve the specificity of the nanostructures to target regions of the 
organism to a certain extent, there are still many challenges when the 
physiological variables of blood flow, disease status, and tissue 

architecture are taken into account. Meanwhile, few studies have been 
performed to evaluate the interaction of the moieties-appended in 
nanocarriers with cell membranes, and their uptake mechanism is still 
unclear. Moreover, some particular physicochemical characteristics of 
each delivery system make it difficult to standardize the mechanism of 
action/interaction of these systems in cells. 

3.2.3. Nanomaterials for gene therapy toward macrophages 
Although traditional anti-rheumatic drugs are clinically available, 

they often lead to unwanted adverse effects after frequent and long-term 
administration. Therefore, nanomaterials loaded with biological agents 
such as plasmid DNA, siRNA, miRNA and receptor antagonists have 
been adopted for RA therapy, (Table 4). IL-10 plasmid DNA was 
encapsulated into tuftsin-modified alginate nanoparticles to achieve 
targeted macrophage repolarization for RA treatment [155]. The NPs 
decreased the expression of pro-inflammatory cytokines by efficiently 

Fig. 15. Metal nanomaterials as passive targeting drug carriers. A) Schematic therapeutic mechanisms of MFC-MSNs in RA treatment. (i) Thermographic images of 
left hind paw and corresponding gross images of the paw [175]. The images reproduced with the permission from American Chemical Society. B) Schematic 
illustration showing the inflammatory crosstalk between FLSs and macrophages. (ii) Therapeutic effects of the nanodrug on CIA model mice [141]. The images 
reproduced with the permission from American Chemical Society. C) Schematic illustration of HA-AuNP/TCZ complex for the treatment of RA by the dual targeting 
to VEGF and IL-6R [176]. The image reproduced with the permission from American Chemical Society. D) Schematic illustration of the biofunctionalized liposomes 
role in rheumatoid arthritis treatment. The neutralization of IL-23 cytokine will inhibit the Th17 differentiation, and consequently, reduce inflammation and immune 
cells recruitment [177]. The image reproduced with the permission from Wiley-VCH GmbH. 
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repolarizing macrophages from the M1 to the M2 state, thus preventing 
joint damage. 

Apart from plasmid DNA, siRNA has been applied more frequently in 
gene therapy. Li et al. fabricated generation 5 (G5) poly (amidoamine) 
dendrimer-entrapped gold nanoparticles (Au DENPs) loaded with alpha- 
tocopheryl succinate (α-TOS) and TNF-α siRNA as a multifunctional 
nanoplatform for RA therapy (Fig. 17A) [188]. The α-TOS-modified Au 

DENPs/TNF-α siRNA NPs achieved synergistic antioxidation and 
anti-inflammation therapeutic efficacy for RA. IL-1β has also been 
identified as a therapeutic target for RA. Lipidoid-polymer hybrid 
nanoparticles (FS14-NPs) loaded with siRNA against IL-1β (siIL-1β) were 
synthesized to target macrophages and inhibit the progression of RA 
(Fig. 17B) [189]. The FS14-NP/siIL-1β significantly ameliorated joint 
swelling, cartilage erosion and bone damage in CIA mice. Abnormal 

Fig. 16. Nanomaterials as active targeting drug carriers. A) Preparation and characterization of PAB and CLT-PAB NPs. (i) Schematic displaying the proposed 
mechanism by which CLT-PAB NPs target SR-A during treatment of rheumatoid arthritis [181]. The image reproduced with the permission from Elsevier Ltd. B) 
Schematic representation of MTX-conjugated polymer hybrid micelles co-loaded with miR-124 (M-PHMs/miR-124) preparation and combination therapy of 
M-PHMs/miR-124 in RA [182]. The image reproduced with the permission from Ivyspring. C) Schematic illustration the construction of MTX-TA/Fe3+@HA for 
targeted RA treatment [183]. The image reproduced with the permission from Elsevier B.V. D) A multifunctional carrier for methotrexate delivery and bone repair of 
rheumatoid arthritis [148]. The image reproduced with the permission from The Royal Society of Chemistry. E) Treatment of rheumatoid arthritis by serum albumin 
nanoparticles coated with mannose to target neutrophils [149]. The image reproduced with the permission from American Chemical Society. F) Schematic illus-
tration of the shield and sword nano-soldiers for RA by multi-stage manipulation of neutrophils [187]. The image reproduced with the permission from Elsevier B⋅V. 
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secretion of matrix metalloproteinase 9 (MMP9) is involved in joint 
damage in RA. MMP9 siRNA, indomethacin (IND) and methotrexate 
(MTX) were loaded in hydrogel (D/siRNA-NGel) for the synergistic 
treatment of RA (Fig. 17C) [190]. D/siRNA-NGel possessed excellent 

anti-inflammatory ability and reversed articular cartilage degeneration 
and bone erosion. In addition, NF-κB signaling plays a key role in 
the pathogenesis of RA. Wang et al. designed polycaprolactone 
-polyethylenimine (PCL-PEI) and polycaprolactone-polyethyleneglycol 

Fig. 17. Nanomaterials for gene therapy. A) Synthesis of (Au0)25-G5. NH2-1,3-PS-(PEG-FA)-(PEG-TOS) DENPs/TNF-α siRNA polyplexes for combined antioxidative 
and anti-inflammatory RA therapy. (i) Representative hind paw images in different treatment groups at day 58. (ii) Micro-CT imaging of the ankle and knee joints of 
mice in different treatment groups at different time points [188]. The images reproduced with the permission from Wiley-VCH GmbH. B) Schematic illustration of the 
whole experimental process, including preparation, intra-articular injection and intracellular fate of D/siRNA-NGel [190]. The image reproduced with the permission 
from The Royal Society of Chemistry. C) Schematic of Dex and siRNA co-encapsulation in micelles and the intracellular fate of micelles [191]. The image reproduced 
with the permission from Elsevier Ltd. D) Schematic illustration showing the inflammation-instructed, hierarchical co-delivery of miR-21 and IL-4 mediated by 
acid-responsive, charge reversal NCs [156]. The images reproduced with the permission from Wiley-VCH GmbH. 
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(PCL-PEG) hybrid micelles loaded with Dex and NF-κB p65 siRNA for RA 
treatment (Fig. 17D) [191]. The micelles decreased pro-inflammatory 
cytokines expression and repolarized macrophages to the M2 state by 
blocking the NF-κB signaling pathway. These siRNA delivery strategies 
indicated a promising potential for treating RA by silencing inflamma-
tory cytokine genes and specific signaling pathways. 

Additionally, miRNA-based gene therapy is also a novel approach for 
RA treatment to overcome clinical multidrug resistance [192]. Based on 
this strategy, Deng et al. fabricated PLL-cis-aconitic anhydride (CA) 
nanocomplexes (NCs) loaded with miR-21 and IL-4 for macrophages 
intracellular delivery against RA (Fig. 17E) [156]. The 
inflammation-instructed NCs enabled prolonged retention duration after 
intravenous administration and aggregated in the inflamed joints. The 
NCs regulated the osteoimmune microenvironment by enhancing 
macrophage polarization to the M2a/M2c phenotypes via NF-κB 
signaling, suggesting a novel strategy for RA treatment. 

3.2.4. Nanomaterials with special function 
Photothermal therapy (PTT) is an emerging approach to treat several 

diseases using electromagnetic radiation [193]. A variety of 
photothermal-based nanomaterials have been synthesized for RA 
treatment, such as metal NPs, metal oxide NPs, palladium nanosheets, 
black phosphorus nanosheets and polymeric nanocomposites [157, 
159–161,194] (Table 4). 

Metal nanomaterials can serve as photothermal agents with optical, 
physical and chemical properties. L-cysteine (Cys)-modified CuS NPs 
(Cu7⋅2S4 NPs) were developed using a facile one-step wet chemical 
method for combined PTT and photodynamic therapy (PDT) against RA 
[195]. The Cu7⋅2S4 NPs decreased the expression of proinflammatory 
cytokines and exhibited antibacterial ability against Staphylococcus 
aureus (S. aureus) and Escherichia coli (E. coli), subsequently suppressing 
synovial erosion and bone destruction. Additionally, Lee et al. designed 
RGD-modified gold half-shell nanoparticles loaded with MTX for tar-
geted chemo-photothermal treatments of RA (Fig. 18A) [40]. The 
multifunctional NPs generated heat after NIR irradiation, and the release 
rate of the drug was increased, thus delivering heat and drug to the 
inflamed joints together. These NPs combined with PPT maximized the 
therapeutic efficacy of RA. In addition, a multifunctional nanoplatform 
based on an octahedral copper sulfide shell and gold nanorod core (Au 
NR@CuS) coated with hyaluronic acid (HA) and vasoactive intestinal 
peptide (VIP) was fabricated for PTT/PDT and targeted drug delivery 
tri-combined therapy for RA (Fig. 18B) [196]. The VIP-HA-Au NR@CuS 
exhibited a high photothermal conversion efficiency of 67.2% and 
generated •OH for synergistic treatment of RA. 

Apart from metal nanomaterials, black phosphorus nanosheets have 
received attention owing to their excellent photothermal effects and 
potential osteogenic properties [197]. A platelet-rich plasma 
(PRP)-chitosan thermoresponsive hydrogel loaded with black phos-
phorus nanosheets (BPNs) was developed as an injectable therapeutic 
nanoplatform for the treatment of RA (Fig. 18C) [160]. The multifunc-
tional hydrogel exhibited outstanding photothermal properties and 
enhanced phosphorus-driven bone formation, indicating a promising 
therapeutic approach for RA. 

Inspired by natural biological systems, biomimetic nanomaterials 
coated with cell membranes of immune cells provides promising ad-
vantages in RA therapy [198]. The bionic technique reduces the 
immunogenicity of nanomaterials and prolongs the circulation duration 
[199]. For instance, neutrophil membrane-modified PLGA NPs were 
developed for the treatment of RA [162]. The direct use of effector cell 
membranes leads to the inhibition of synovial inflammation without the 
need to identify them and thus attenuates joint damage in RA. Similarly, 
Headland et al. designed neutrophil-derived annexin A1 microvesicles 
that could penetrate cartilage and protect the joints through inhibiting 
the expression of the stress-adaptive homeostatic mediators 
interleukin-8 and prostaglandin E2 [200]. Additionally, Topping et al. 
prepared extracellular vesicles (EVs) from human neutrophils combined 

with anti-ROS-CII for targeted anti-inflammatory treatment of arthritic 
joints [201]. In addition, macrophage-derived microvesicle 
(MMV)-modified PLGA NPs enhanced the targeting effect and inhibited 
the progression of RA [202]. Additionally, umbilical vein endothelial 
cell (UVEC) membrane-coated drug-loaded NPs conjugated with tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) were synthe-
sized as therapeutic nanoplatforms for RA therapy [203]. The bio-
mimetic strategy could neutralize cytokines, inhibit synovial 
inflammation and subsequently protect joints from damage by pene-
trating into targeted inflamed tissues, which is of great potential for RA 
therapy and further clinical translation. 

Overproduction of endogenous nitric oxide (NO) is closely related to 
the pathogenesis of RA development, which acts as a proinflammatory 
mediator to induce cartilage and bone tissue destruction. Therefore, 
nanomaterials with antioxidant property have gained increasing atten-
tion for the treatment of RA. NO-scavenging nanosized hydrogel (NO- 
Scv gel) was fabricated by solution polymerization between acrylamide 
and NO-cleavable cross-linker (NOCCL) for treating RA (Fig. 19A) 
[204]. The NO-Scv gel ameliorated bone resorption and joint destruc-
tion by removing NO and reducing the inflammation level of activated 
macrophages. Furthermore, polymeric aggregate-embodied hybrid NO 
scavenging and sequential drug-releasing hydrogel was designed for the 
combinatorial treatment of RA (Fig. 19B) [205]. In addition, a poly-
peptide nanogel methoxy poly (ethylene glycol)-poly (L-phenyl-
alanine-co-L-cystine) (mPEG-P (LP-co-LC)) loaded with MTX was 
synthesized (Fig. 19C) [206]. These novel nanogels selectively distrib-
uted in the inflamed joints after intravenous administration and thus 
reduced synovitis and relieved RA progression by inhibiting the redox 
reaction. Metal nanomaterials also have potential antioxidant ability for 
RA treatment. Albumin-cerium oxide NPs (nanoceria) loaded with 
indocyanine green (ICG) were developed as an antioxidant theranostic 
platform for RA (Fig. 19D) [207]. The nanoceria-ICG normalized the 
disrupted reactive oxygen species (ROS) levels, repolarized 
pro-inflammatory M1 to anti-inflammatory M2 macrophages and pro-
vided real-time monitoring via optical/optoacoustic imaging. The 
inflammation-targeting, inherent contrast and therapeutic activity of 
this nanoplatform may make it a relevant agent for assessing severity in 
RA and other inflammatory diseases, and subsequently controlling 
inflammation with image-guidance. The design of these nanoplatforms 
will enable potential clinical translation as systemic therapies for RA. 

3.3. Nanomaterials in osteoporosis 

3.3.1. Nanomaterials as anti-osteoporosis drug carriers 
The current therapeutic strategy for osteoporosis (OP) aims to 

decrease bone resorption and promote bone formation independently or 
in synergy. Various nanomaterials such as polymeric nanomaterials, 
mineral-based nanomaterials, metal-based nanomaterials and carbon- 
based nanomaterials have been developed as carriers for delivery of 
anti-osteoporosis drugs for preventing and treating OP (Table 5). 

Polymers such as poly (lactic-co-glycolic acid) (PLGA), poly 
(ethylene glycol) (PEG) and chitosan have been used as drug nano-
carriers for OP treatment and bone tissue regeneration with excellent 
biocompatibility and sustained release properties. Lipp et al. synthesized 
a monomethoxy PEG (mPEG) and PLGA thermosensitive triblock 
copolymer (mPEG-PLGA-mPEG)-based carrier for the controlled release 
of salmon calcitonin (sCT) for the treatment of OP [216]. The 
copolymer-based delivery system possessed excellent biocompatibility 
and released sCT over a period of 2 months after systemic administra-
tion, thus enhancing the therapeutic effect for OP. Similarly, triblock 
copolymer PLGA-PEG-PLGA thermosensitive hydrogel loaded with sCT 
and oxidized calcium alginate (sCT-OCA) complex was developed for 
long-term antiosteopenia therapy by subcutaneous injection [217] 
(Fig. 20A). The copolymer exhibited a sol-gel transition in situ at body 
temperature. Both hydrogel degradation and sCT-OCA complex 
decomposition determined the sustained release of sCT. Chitosan 
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Fig. 18. Photothermal-based nanomaterials for RA treatment. A) Schematic fabrication process of RGD-MTX-PLGA-Au nanoparticles and targeted chemo- 
photothermal effect [40]. The image reproduced with the permission from American Chemical Society. B) Schematic illustration of the synthesis VIP-HA-Au 
NR@CuS NPs and synergistic treatment of rheumatoid arthritis. (i) Photothermal images of arthritis after treat with Saline, VIP-HA-Au NR, VIP-HA-CuS NPs, 
VIP-HA-Au NR@CuO NPs and VIP-HA-Au NR@CuS NPs [196]. The images reproduced with the permission from Elsevier Ltd. C) Schematic illustration of the 
PRP-Chitosan thermoresponsive hydrogel combined with black phosphorus nanosheets as injectable biomaterial for biotherapy and phototherapy treatment of RA. 
(ii) In vivo representative photothermal images of arthritis sites after of saline, BPNs, BPNs/Chitosan thermoresponsive hydrogel and BPNs/Chitosan/PRP ther-
moresponsive hydrogel as a function of the irradiation time under NIR irradiation [160]. The images reproduced with the permission from Elsevier Ltd. 
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nanoparticles are able to protect peptides from enzymatic degradation 
due to strong electrostatic interactions. Narayanan et al. formulated 
parathyroid hormone 1–34 (PTH 1–34)-loaded PEGylated chitosan NPs 
(PEG–CS–PTH NPs) with 40% encapsulation for OP treatment [209]. 
The PEG–CS–PTH NPs facilitated the transport of bioactive molecules 
across the intestinal epithelium with a remarkable oral bioavailability of 
100–160 pg/ml PTH 1–34 over 2 days. These findings showed the pro-
tective effect of polymeric delivery systems to enhance the therapeutic 

efficiency of drugs from enzymatic degradation with sustained release. 
Mineral-based nanomaterials such as nanocrystalline hydroxyapatite 

(nHA) have been used for bone tissue regeneration owing to their 
hardening ability, high surface area and in vivo osteoinductive proper-
ties. Fricain et al. designed an nHA-pullulan/dextran polysaccharide 
composite macroporous scaffold for promoting bone formation under 
OP conditions [210]. The platform could induce the deposition of a 
biological apatite layer and favor the formation of a dense mineralized 

Fig. 19. Nanomaterials with antioxidant property for RA treatment. A) Schematic illustration of NO-Scv Gel-mediated anti-inflammation therapy for treating RA 
[204]. The image reproduced with the permission from American Chemical Society. B) Polymeric aggregate-embodied hybrid nitric oxide-scavenging “click” 
hydrogel for combinatorial treatment of rheumatoid arthritis. (i) Representative hind paw images of the sample-treated RA mice [205]. The images reproduced with 
the permission from Wiley-VCH GmbH. C) Schematic diagram of synthesis, treatment, and brief function mechanism of NG/MTX in treatment of CIA [206]. The 
image reproduced with the permission from American Chemical Society. D) Schematic representation of valence states recycling in nanoceria and enzymatic modes 
of nanoceria. (ii) Albumin-binding receptors interaction with A-nanoceria within inflamed RA joint [207]. The images reproduced with the permission 
from IVYSPRING. 

K. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 24 (2023) 263–312

290

tissue. Moreover, Lee et al. synthesized strontium-releasing nanoscale 
cement with dual therapeutic actions of osteoclastic inhibition and 
osteogenic stimulation to facilitate OP therapy (Fig. 20B) [218]. The 
nanoscale cement released triple ions Sr, silicate and Ca, of which Sr and 
Ca are considered to be osteo-promotive and silicate are proangiogenic, 
thus promoting bone formation and slowing down the bone resorption 
in osteoporotic pathological conditions. 

Metal oxide NPs have been broadly used in biological applications 
owing to their good biocompatibility and intrinsic magnetic properties. 
The chemical coordination of alendronate and Fe3O4 with HA served as 
a multifunctional HA (Func-HA) enhanced bone remodeling under 
osteoporotic conditions (Fig. 20C) [219]. The Func-HA exhibited mag-
netic properties with dual regulation of osteoclasts (OCs) and osteoblasts 
(OBs) for osteoporotic bone reconstruction. In addition, super-
paramagnetic iron oxide nanoparticles conjugated with HA (SPIO@HA) 
were fabricated with a core-shell structure for the combined regulation 
of osteoclastogenesis and osteogenesis for OP therapy through systemic 
administration (Fig. 20D) [220]. SPIO@HA inhibited OC differentiation 
via TRAF6-p62-CYLD signaling and activated OB differentiation through 
the TGF-β, PI3K-AKT and calcium signaling pathways. In addition, 
cerium NPs have been developed as pH-sensitive enzymes with 
changeable oxidative activity. A biocompatible pH-responsive cerium 
nanosystem (CNS) was synthesized for anabolic therapy in OP (Fig. 20E) 
[211]. The CNS exhibits oxidative activity in response to the low-pH 
microenvironment created by mature osteoclasts (mOCs). Moreover, 
the CNS at neutral pH levels has no effect on preosteoclasts (pOCs). The 
cerium nanosystem provides a bone-targeted pH-responsive drug de-
livery platform for OP treatment. 

In addition, carbon-based nanomaterials such as nanodiamond (NDs) 
have extended applications in biological fields owing to their surface 
functionality, spherical morphology and strong hardness [221]. 
Bone-targeted delivery of nanodiamond-based drug carriers loaded with 
alendronate (Alen-NDs) was designed for potential OP treatment 
through systemic administration [212]. The Alen-NDs effectively accu-
mulated in bone tissues after intravenous administration due to high 
Hap affinity and subsequently enhanced ALP activity. In addition, hard 
nanodiamonds accumulated in bone tissue can increase the mechanical 
strength of bone by being incorporated into bone tissues. Therefore, the 
Alen-NDs can potentially be employed for osteoporosis treatment by 
delivering both NDs and Alen to bone tissues. 

3.3.2. Nanomaterials for gene therapy toward bone cells 
Gene therapy is considered a novel strategy for OP treatment through 

modulating gene expression by exogenous small nucleic acids such as 

miRNA and siRNA [222,223] (Table 5). Sun et al. fabricated 
osteoblast-targeting Ser-Asp-SerSer-Asp (SDSSD) peptide-modified 
polyurethane (PU) nanomicelles loaded with anti-miR-214 to improve 
bone microarchitecture in an OP mouse model (Fig. 21A) [213]. The 
SDSSD-PU NPs could selectively target OBs and subsequently enhance 
bone formation without overt toxicity or elicit an immune response. 
Relatively, a delivery system composed of the eight repeating sequences 
of aspartate (D-Asp 8) peptide and liposome-encapsulated antago-
mir-148a was developed specifically approaching bone resorption sur-
faces to downregulate miR-148a in OCs for OP treatment [224]. In 
addition, an RNase H-responsive sticky-end tetrahedral framework 
nucleic acid loaded with miR-2861 (stFNA-miR) was designed [214]. 
The bioswitchable nanocomposite separated miR-2861 after intracel-
lular delivery and subsequently inhibited HDAC5 expression and pro-
moted osteogenesis. These findings demonstrated the capability and 
editability of nanocomposites to improve the delivery efficacy of miRs 
for bone regeneration. 

Targeted delivery of specific siRNA through nanocarriers could 
facilitate the therapeutic efficacy of OP treatment [225]. Zhang et al. 
designed dioleoyl trimethylammonium propane (DOTAP)-based 
cationic liposomes conjugated with six repetitive sequences of aspartate, 
serine, and serine ((AspSerSer)6) for OP treatment (Fig. 21B) [226]. The 
nanocarriers delivered osteogenic pleckstrin homology 
domain-containing family O member 1 (Plekho1) siRNA specifically to 
bone formation surfaces, indicating a potential approach for the clinical 
translation of RNA interference-based bone anabolic therapy. Further-
more, CH6 aptamer-functionalized lipid nanoparticles encapsulating 
Plekho1 siRNA (CH6-LNPs-siRNA) were synthesized as a novel 
RNAi-based therapy for OP (Fig. 21C) [227]. The CH6-LNP-siRNA sys-
tem selectively achieved OB delivery at the cellular level and promoted 
bone formation in osteopenic rodents. These siRNA delivery systems 
have the potential to be used as a novel alternative approach for the 
systemic treatment of osteoporosis. 

3.4. Nanomaterials in bone cancer 

3.4.1. Nanomaterials for chemotherapy 
Standard chemotherapy is the first-line treatment for primary bone 

cancers such as osteosarcoma (OS) and bone metastasis from other 
malignant tumors. However, a high dose of chemotherapeutic agents 
that would cause considerable toxicity is usually required due to the 
reduced permeability and low blood flow of bone tissues. Advancements 
in nanomaterials have made it possible to minimize the toxicity and 
improve the efficacy of chemotherapy with adverse effects [228]. A 

Table 5 
Summary of example nanomaterials for osteoporosis.  

Category Nanomaterials Active principle Main results Ref. 

Drug 
carriers 

Lipid nanoparticles Hydroxyapatite, zoledronic 
acid  

• typical biphasic release pattern [38.17 ± 2.12% (pH 7.4) and 64.2 ± 3.75% 
(pH 5) at 48 h]  

• exhibit a strong affinity towards HA 

[208] 

PEGylated chitosan nanoparticles PTH 1-34  • encapsulation efficiency of 40%  
• show an oral bioavailability of 100–160 pg/ml PTH 1–34 throughout 48 h 

[209] 

Nanocrystalline hydroxyapatite 
particles 

Pullulan/dextran 
polysaccharide  

• retain subcutaneously local growth factors  
• induce the deposition of a biological apatite layer  
• favor the formation of a dense mineralized tissue subcutaneously in vivo 

[210] 

Cerium nanoparticles Cerium oxide, alendronate  • bone-targeted ability  
• pH-responsive activity  
• selectively eliminate mature osteoclasts without affecting preosteoclasts 

[211] 

Nanodiamonds Alendronate, nanodiamonds  • enhance ALP activity  
• effectively accumulate in bone tissues after intravenous administration 

[212] 

Gene 
therapy 

Polyurethane nanomicelles SDSSD peptide, anti-miR-214  • selectively bind to osteoblasts via periostin  
• enhance bone formation without overt toxicity or elicit an immune response 

[213] 

Tetrahedral framework nucleic 
acids 

miR-2861  • enable efficient miR-2861 unloading and deployment after intracellular 
delivery  

• inhibit the expression of HDAC5 and promote osteogenic differentiation 

[214] 

PLGA nanoparticles Polyethyleneimine-RANK 
siRNA  

• significantly reduce (47%) RANK mRNA levels  
• suppress the differentiation of preosteoclasts to mature osteoclasts 

[215]  
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Fig. 20. Nanomaterials as drug carriers for OP treatment. A) Application of the sCT-OCA complex loaded thermosensitive PLGA-PEG-PLGA hydrogel for controlled 
sCT release [217]. The image reproduced with the permission from American Chemical Society. B) Schematic summarizing the multiple-actions of Sr-BGnC in the 
regeneration of osteoporotic bone defect [218]. The image reproduced with the permission from Elsevier Ltd. C) Chemical self-assembly of multifunctional hy-
droxyapatite with a coral-like nanostructure for osteoporotic bone reconstruction [219]. The image reproduced with the permission from American Chemical Society. 
D) Illustration of SPIO@15HA nanocomposites’ impacts on BMMs oriented osteoclastogenesis and MSCs oriented osteogenesis [220]. The image reproduced with the 
permission from Oxford University Press. E) Schematic illustration of CNS. Synthesized CNS was well dispersed in water with bright yellow color. (i) Schematic 
diagram of the mechanism of CNS functioning as a pro-anabolic therapy in treating OVX mice. (ii) CNS attenuates bone loss in OVX mice [211]. The images 
reproduced with the permission from Elsevier B⋅V. 
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Fig. 21. Nanomaterials for gene-based therapy of OP. A) Osteoblast-targeting-peptide modified nanoparticle for siRNA/microRNA delivery [213]. The image 
reproduced with the permission from American Chemical Society. B) Schematic diagrams illustrating the preparation of (DSS)6-liposome-siRNA. (i) In vivo microCT 
examination of the three-dimensional trabecular architecture in OVX-treated rats [226]. The images reproduced with the permission from Nature America, lnc. C) 
Preparation of CH6-LNPs-siRNA. (ii) Representative 3D microarchitecture of the proximal tibia in each group (n = 9), obtained by in vivo microCT examination. (iii) 
Bone formation examined by sequential labeling with fluorescent dye in non-decalcified bone sections [227]. The images reproduced with the permission from 
Nature America, lnc. 
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variety of nanomaterials, including mesoporous silica NPs, polymeric 
NPs, metal NPs, calcium phosphate NPs, metal oxide NPs, polydopamine 
NPs, liposomes, chitosan and dendrimers, have been used to enhance 
chemotherapeutic efficacy for osteosarcoma (Table 6). 

For instance, mesoporous silica-coated bismuth sulfide NPs conju-
gated with RGD peptide (RGD-Bi2S3@MSN NPs) were developed to 
deliver the anticancer drug doxorubicin (DOX) to enhance osteosarcoma 
killing (Fig. 22A) [75]. The mesoporous pores and large surface areas 
were promising for drug protection and encapsulation (DOX, 99.85%). 
In addition, the RGD-Bi2S3@MSN NPs exhibited a high specificity for OS 
and finally accumulated in the tumor cells (10-fold more than peritu-
moral tissues). The drug release was triggered by NIR laser and subse-
quently ablated OS through the mitochondrial apoptosis pathway. This 
smart ultrahigh drug loading and NIR-responsive theranostic platform is 
a promising candidate for OS treatment. 

Polymeric NPs have been widely developed in OS treatment due to 
their good biocompatibility and biodegradability [252]. Yin et al. syn-
thesized polylactide NPs loaded with DOX and subsequently conjugated 
them with bone-seeking pamidronate (Pam-DOX-NPs) for targeted 
therapy of OS (Fig. 22B) [253]. The Pam-DOX-NPs selectively accu-
mulated in bone tumors and prolonged the retention duration, thus 
dramatically inhibiting OS progression and skeletal malignant osteol-
ysis. Additionally, RGD peptide-installed biodegradable polymeric mi-
celles loaded with DOX (RGD-DOX-PM) were fabricated for 
high-efficiency targeted chemotherapy of OS [254]. The RGD-DOX-PM 
had nano-scaled particle size with a drug loading efficiency of 57%– 
73%. Moreover, the RGD-DOX-PM exhibited specific OS cell targeting 
and killing ability over healthy osteoblast cells in vitro. 

Metal NPs have also shown great advancement in OS therapy owing 
to their size, conformation and thermally stable properties [255]. Wang 
et al. fabricated nanozyme-triggered nanomotors by decorating plat-
inum NPs with gold nanocups and loading them with indocyanine green 
and human transferrin (GNCs-Pt-ICG/Tf) [256]. The nanomotors with 
peroxidase-like activity functioned as continuous O2 generators by 
catalyzing endogenous H2O2 decomposition to promote active cellular 
targeting photodynamic therapy. In addition, albumin-bioinspired 
iridium oxide NPs were designed through a one-step biomineralization 
approach as a DOX-loaded nanoplatform with high photothermal con-
version efficiency for combined chemo-photothermal therapy of OS 
(Fig. 22C) [257]. Additionally, Wang et al. synthesized 
alendronate-conjugated polydopamine NPs loaded with the chemodrug 
SN38 for bone-targeted chemo-photothermal therapy of malignant bone 
tumors and reduced the osteolytic damage of bones (Fig. 22D) [258]. 
These findings provide insightful perspectives for the fabrication of 
active targeting nanocarriers with photodynamic/photothermal therapy 
in a variety of biomedical applications. 

To treat cancer bone metastasis, multiple targeted drug delivery 
systems based on nanomaterials, such as mesoporous silica NPs, calcium 
phosphate NPs, liposomes, metal-organic frameworks, polymeric NPs, 
micelles, quantum dots, metal NPs, bisphosphonate NPs and dendrimers 
have been developed (Table 6). For instance, mesoporous silica NPs 
encapsulated in gold nanorods and subsequently conjugated with zole-
dronic acid (Au@MSNs-ZOL) were fabricated as a bone-targeted nano-
platform for the treatment of bone metastasis (Fig. 23A) [259]. The 
combination of ZOL and photothermal therapy inhibited tumor growth 
and bone resorption through the apoptosis pathway. Similarly, meso-
porous silica-covered gadolinium (III) upconversion NPs loaded with 
ZOL and plumbagin were developed to target osteocytes to ameliorate 
early bone metastasis (Fig. 23B) [260]. This multifunctional nanoplat-
form targeted osteocytes and released plumbagin controlled by pH, 
subsequently decreasing osteocytic RANKL expression. Cancer bone 
metastasis and osteoclastogenesis could both be attenuated significantly 
in vivo. These works highlight the significance of theranostic nano-
medicine and bone cell-targeting therapy for bone metastasis treatment. 

Micelle-based nanocarriers are also used in bone metastasis therapy. 
Bortezomib-loaded micelles conjugated with ALN were fabricated for 

bone-targeted and aryl boronate-based pH-responsive drug release for 
antimetastatic therapy (Fig. 23C) [261]. Additionally, integrin 
avβ3-targeted micelle NPs loaded with docetaxel enable targeted 
chemotherapy to breast cancer cells within the bone at the metastatic 
site [262]. This nanosystem enabled targeted delivery of the chemo-
therapeutic docetaxel, thus bone tumor burden could be reduced 
significantly with less bone destruction and less hepatotoxicity. 
Dendrimer-based nanoplatforms are also broadly adopted in the treat-
ment of bone metastasis owing to their monodisperse nature, 
well-defined molecular weight and surface functionality properties. 
Arg-Gly-Asp (RGD)-targeted polyamidoamine (PAMAM) dendrimers 
modified with catechol and PEG ligands were synthesized for bortezo-
mib delivery to metastatic bone tumors [263]. Bortezomib was loaded 
on the dendrimer via a boronate-catechol linkage with pH-responsive 
property. The cRGD ligand enabled internalization of the bortezomib 
complex by breast cancer cells. This targeted nanosystem could signif-
icantly inhibit the progression of metastatic bone cancer and 
tumor-associated osteolysis. 

Nanoscale metal-organic framework (nMOF) drug delivery systems 
can also be used to promote the biodistribution of ZOL to tumors and 
improve its anticancer activity. Au et al. designed folate-targeted pH- 
responsive calcium ZOL nMOFs for the treatment of cancer bone 
metastasis (Fig. 23D) [239]. The modified nMOF enhanced the direct 
antitumor effect of ZOL by over 80% through suppression of tumor 
neovasculature, cell proliferation and apoptosis induction. For poly-
meric NPs, Vanderburgh et al. synthesized a diblock copolymer of 
poly-[(propylene sulfide)-block-(alendronate acrylamide-co-N,N-dime-
thylacrylamide)] [PPS-b-P(Aln-co-DMA)] loaded with the Gli 2 inhibitor 
GANT58 as a targeted delivery system to bone-associated tumors [264]. 
Ten mol % alendronates in the hydrophilic block exhibited a favorable 
balance of systemic pharmacokinetics and bone binding with the highest 
bone/liver biodistribution ratio. The formulation decreased the 
tumor-associated bone lesion area by 3-fold and increased the bone 
volume fraction by 2.5-fold in tibia bone metastasis. These targeted 
nanoplatforms provide the potential to inhibit tumor-driven OC acti-
vation and subsequent bone destruction in patients with cancer bone 
metastasis. 

3.4.2. Nanomaterials for gene therapy toward OS cells 
In addition to chemotherapy, gene therapy of bone cancer overcomes 

drug resistance by modulating intracellular gene expression using 
miRNA, siRNA and plasmid DNA (Table 6). Based on a miRNA strategy, 
Tiram et al. first identified three novel regulators of OS, miR-43a, miR- 
93 and miR-200c [245]. Then, aminated polyglycerol dendritic nano-
carriers loaded with miRNA (dPG–NH2–microRNA) were fabricated for 
OS therapy by reducing the expression of target genes and inhibiting 
cancer angiogenesis and cancer cell migration. 

For the siRNA strategy of bone cancer, functionalized large pore 
mesoporous silica NPs with magnetic core-shell structures were 
designed as biocompatible siRNA nanocarriers against OS [265]. The 
nanocarriers exhibited a high loading capacity of siRNA (2 wt%) and 
strong magnetic response under an external magnetic field. The super-
paramagnetic magnetite nanocrystal cluster coating also increased the 
dispersion stability of the siRNA-loaded carrier and served as a 
pH-responsive release switch. Functional siRNA could be delivered into 
the cytoplasm of human osteosarcoma cancer cells using these nano-
carriers. In addition, cationic liposomes conjugated with 
distearoyl-phosphatidylethanolamine-methyl-poly (ethylene glycol) 
(DSPE–mPEG) and subsequently loaded with DOX and JNK-interacting 
protein 1 (JIP1) siRNA were developed for metastatic OS treatment 
[266]. The DOX-loaded liposomes exhibited dual-targeted extracellular 
effects against EphA2 and intracellular effects against JIP1, thus over-
coming OS multidrug resistance and enhancing toxicity toward OS cells. 

Plasmid DNA also plays a key role in inhibiting cancer cell growth. 
Dextran-graft-polyethylenimine (DEX-g-PEI) copolymer loaded with 
adriamycin and plasmid pEGFP-N1 was developed against OS with low 
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Table 6 
Summary of example nanomaterials for bone cancer.  

Category Nanomaterials Active principle Main results Ref. 

Chemotherapy 
(osteosarcoma) 

Silica nanoparticles Cancer cell membrane, ICG  • specifically target the homogenous 143B cells both in vitro and in vivo  
• enhance anticancer efficacy 

[229] 

Poly (ester amide) 
nanoparticles 

Apatinib  • distribute increasingly inside the tumor  
• suppress osteosarcoma stemness and enhance osteosarcoma stem-like 

cell apoptosis with minimal side effects 

[230] 

Silver nanoparticles Rhizophora apiculate, Ag  • reduce the precursor silver nitrate into silver nanoparticles of 
favorable size for tumor infiltration  

• possess significant cytotoxic effects against MG-63 cells 

[231] 

Polydopamine 
nanoparticles 

Paclitaxel, alendronate  • keep stable in PBS (pH 7.4), 5% glucose, plasma  
• display sustained drug release behavior  
• have stronger cytotoxicity against K7M2 wt osteosarcoma cells 

[232] 

Liposomes hyaluronic acid, H2S-releasing 
doxorubicin  

• deliver the drug within the endoplasmic reticulum (ER), inducing 
protein sulfhydration and ubiquitination  

• activate an ER stress pro-apoptotic response mediated by CHOP 

[233] 

Dendrimers Platinum, carboxyl-  • predominantly accumulate at the osteolytic lesions around bone 
tumors  

• suppress bone tumors and osteolysis mediated by photothermal 
ablation 

[234] 

Mesoporous silica 
nanoparticles 

Doxorubicin, lectin  • exhibit a noticeable higher internalization degree into human OS cells 
compared to healthy preosteoblast cells  

• have a cytotoxicity on tumor cells 8-fold higher than that caused by 
the free drug 

[235] 

Platinum Nanoparticles Doxorubicin,  • inhibit OS epithelial cells viability and proliferation in a dose- 
dependent manner  

• increase 8-oxo-G levels and induce apoptosis 

[236] 

Chitosan Methotrexate, poloxamer  • show high accumulation in cell cytoplasm region through energy- 
dependent endocytosis process  

• exhibit increased cytotoxicity in MG63 cells via apoptosis effect 

[237] 

Chemotherapy (cancer bone 
metastasis) 

Liposomes Doxorubicin, Asp8, folate  • exclusively deliver drugs to bone  
• bind selectively to folate receptor-positive tumors 

[238] 

Nanoscale metal-organic 
frameworks 

Calcium zoledronate  • inhibit cell proliferation and induce apoptosis in FR-overexpressing 
tumor cells  

• increase the direct antitumor activity of Zol by 80–85% 

[239] 

Micelles Alendronate, docetaxel  • exhibit the recruitment, differentiation and resorption activity of 
osteoclasts  

• attenuate the tumorigenesis and improve animal lifespan 

[240] 

Quantum dots Doxorubicin, alendronate, 
Ag2S  

• ensure the long circulation time of the nanodrugs  
• exhibit high affinity to the bone tissue  
• facilitate the on-site killing of cancer cells and minimize toxicity to 

normal tissue 
• provide a facile real-time feedback on the tumor growth and thera-

peutic efficacy via bioluminescence 

[241] 

NaxWO3 nanoparticles oxygen vacancy-rich tungsten 
bronze  

• provide PTT effects under laser irradiation (980 nm)  
• exhibit significant cytotoxicity against breast cancer 4T1 cell in vitro 

dose-dependently 

[242] 

PAMAM dendrimers Docetaxel, hyaluronic acid, 
alendronate  

• show osteoclasts and tumor cells dual-targeting ability  
• endocytosis by the tumor cells via CD44 receptor  
• inhibit the activity of osteoclasts 

[243] 

Polymeric nanoparticles Paclitaxel, folic acid, 
alendronate  

• exhibit high affinity for bone tissue  
• promote uptake by folate receptor-overexpressing cancer cells to 

augment PTX cytotoxicity  
• improve the survival rate of treated mice 

[244] 

Gene Therapy Dendrimers miR-34a, miR-93, miR-200c  • attenuate angiogenic capabilities of fast-growing OS  
• prolong the dormancy period of fast-growing OS 

[245] 

Nanodiamonds EWS-Fli-1 siRNA  • deliver siRNA into Ewing sarcoma cells and inhibit EWS/Fli-1 gene 
expression 

[246] 

Lipopolymer CRISPR/Cas9 plasmids  • facilitate selective distribution of CRISPR/Cas9 in both orthotopic OS 
and lung metastasis  

• enhance effective VEGFA genome editing in tumor  
• reduce angiogenesis and bone lesion with no detectable toxicity 

[247] 

Scaffolds for bone 
regeneration 

Graphene oxide nanosheets Tricalcium silicate  • exhibit excellent photothermal performance with the irradiation of 
NIR  

• inhibit the growth of subcutaneous tumor tissue  
• promote cell proliferation and the ALP activity of MC3T3-E1 

[248] 

Metal-organic framework 
nanosheets 

β-tricalcium phosphate, Cu 
ions  

• kill osteosarcoma cells through released heat energy after exposure to 
NIR light (1.0 W cm− 2, 10 min)  

• support the attachments of HBMSCs and HUVECs  
• stimulate osteogenesis and angiogenesis 

[249] 

Chitosan scaffolds SrFe12O19, CaSiO3, 
doxorubicin  

• possess anti-tumor efficacy via the synergetic effect of DOX drug 
release and hyperthermia ablation  

• promote proliferation and osteogenic differentiation via BMP-2/ 
Smad/Runx 2 pathway 

[250] 

CuFeSe2 nanocrystals Bioactive glass  • endow scaffolds excellent photothermal performance  
• ablate the bone tumor cells (Saos-2 cells) and inhibit bone tumor 

growth  
• stimulate osteogenic gene expressions 

[251]  
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cytotoxicity [267]. Additionally, chitosan NPs loaded with Dz13, a DNA 
enzyme designed to cleave human c-Jun mRNA, were synthesized for 
enhanced therapeutic efficacy of OS [268]. Since vascular endothelial 
growth factor A (VEGFA) is highly expressed in OS, Liang et al. fabri-
cated aptamer-functionalized PEG-PEI-Cholestero lipopolymer loaded 
with CRISPR/Cas9 plasmids targeted to tumor cells [247]. The func-
tionalized nanosystem facilitated selective distribution of CRISPR/Cas9 
in both orthotopic OS and lung metastasis and subsequently enhanced 
effective VEGFA genome editing in tumors. The nanosystem also 
inhibited angiogenesis and bone lesions with no detectable toxicity. 
These delivery systems restrained specific signaling pathways in tumor 
cells and could facilitate translation of plasmid DNA into clinical bone 
cancer treatment. 

3.4.3. Nanomaterial-based scaffolds for bone regeneration 
With a deeper understanding of nano bio-interactions and develop-

ment in nanomaterial fabrication, various therapeutic strategies based 
on scaffolds have been formulated for the treatment of bone cancer and 
resultant bone defects simultaneously. These scaffolds, such as carbon- 
based scaffolds, nanosheet-based scaffolds, chitosan scaffolds and 
nanocrystal scaffolds are broadly used for photothermal therapy of OS 
and bone tissue engineering (Table 6). 

Black phosphorus (BP) nanosheets are emerging as 2D layer- 
structured nanomaterials owing to their unique photothermal 

properties and degradability [269]. Yang et al. developed a 2D-BP 
nanosheet-reinforced 3D-printed BG scaffold for localized treatment of 
OS (Fig. 24A) [270]. The scaffolds were capable of photothermal abla-
tion of OS and enhancing newborn cranial bone tissue. In addition, 2D 
borocarbonitride (BCN) nanosheet-engineered akermanite (Ca2Mg-
Si2O7, AKT) bioceramic scaffolds were designed as a bifunctional plat-
form for integrating OS therapy and bone regeneration through 
activation of the BMP2 signaling pathway [271]. Additionally, a com-
bination of MoS2 nanosheets with BG scaffolds was used for the treat-
ment of OS and bone repair (Fig. 24B) [272]. These scaffolds could 
rapidly and effectively elevate temperature and exhibit excellent pho-
tothermal stability under NIR irradiation. Moreover, the scaffolds 
inhibited the viability of bone tumor cells and increased the expression 
of osteogenic genes, therefore are highly promising for the treatment of 
bone cancer-related bone defects. 

Considering the good thermal conductivity of graphene oxide (GO), 
GO-modified scaffolds are widely used in the treatment of cancer. Ma 
et al. synthesized GO-modified β-tricalcium phosphate (GO-TCP) com-
posite scaffolds with a high photothermal effect for OS under irradiation 
with 808 nm NIR and a significant improvement in bone-forming ability 
[273]. Carbon dots (CDs) are also used to modify bone repair scaffolds. 
CD-doped chitosan/nanohydroxyapatite (CS/nHA/CD) scaffolds were 
formulated by a facile freeze-drying method [274]. The CS/nHA/CD 
scaffolds promoted bone regeneration, OS ablation and bacterial 

Fig. 22. Nanomaterials for chemotherapy of OS. A) The smart RGD–Bi2S3@MSN/DOX nanoplatform for OS real-time X-ray CT imaging and NIR-responsive pho-
tothermal therapy-chemotherapy. (i) Representative images of tumor bearing mice from different treatment groups [75]. The images reproduced with the permission 
from WILEY-VCH. B) Schematic illustration of the preparation of BSA-IrO2@DOX and served as a versatile nanoplatform for mild hyperthermia-induced DOX release 
and synergistic chemo-photothermal therapy [257]. The image reproduced with the permission from Informa UK. C) Illustration depicts PDA-ALN/SN38-associated 
bone-targeted chemo-photothermal treatment of malignant bone tumor [258]. The image reproduced with the permission from Elsevier Ltd. 

K. Zheng et al.                                                                                                                                                                                                                                   



Bioactive Materials 24 (2023) 263–312

296

Fig. 23. Nanomaterials for chemotherapy of bone metastasis. A) Bone-targeted nanoplatform combining zoledronate and photothermal therapy to treat breast cancer 
bone metastasis. (i) CT images of tibias from different angles and micrographs of H&E-stained tibias [259]. The images reproduced with the permission from 
American Chemical Society. B) Schematic illustration of the synthesis of theranostic bone-targeting Gd(III)-doped upconversion nanoparticles PUCZP [260]. The 
image reproduced with the permission from American Chemical Society. C) The formation of ALN-NPs and the mechanism of combining bone targeting and 
pH-responsive release of bortezomib based on aryl boronate linkage for anti-metastasis therapy [261]. The image reproduced with the permission from The Royal 
Society of Chemistry. D) Direct anticancer activity of Fol-targeted CaZol nMOFs against a Fol-receptor-overexpressed cancer cell [239]. The image reproduced with 
the permission from Elsevier Ltd. 
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Fig. 24. Nanomaterials-based scaffolds for OS therapy and bone tissue engineering. A) Schematic illustration of the fabrication process for BP-BG scaffold and the 
stepwise therapeutic strategy for the elimination of osteosarcoma followed by osteogenesis using BP-BG [270]. The image reproduced with the permission from 
WILEY-VCH. B) Schematic diagram for investigation on the integrative treatment of anti-tumor/bone repairing with 3D printing BGM scaffolds. (i) Scheme of 
fabrication the integrative anti-tumor/bone repair BGM scaffolds [272]. The images reproduced with the permission from Elsevier B.V. C) Schematic illustration of 
the fabrication of TBGS, ablation of bone cancer, and regeneration of bone tissue [275]. The image reproduced with the permission from WILEY-VCH. D) Ordered 
arrangement of hydrated GdPO4 nanorods in magnetic chitosan matrix promotes tumor photothermal therapy and bone regeneration against breast cancer bone 
metastases. (ii) Micro-CT images of calvarial defects repair model at 3 months after surgery [276]. The images reproduced with the permission from Elsevier B.V. E) 
Schematic illustration of the fabrication and biomedical applications of DTC@BG scaffolds [39]. The image reproduced with the permission from WILEY-VCH. 
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eradication. In addition, 2D Ti3C2 MXene-integrated 3D-printed BG 
scaffolds were developed to augment OS therapy (Fig. 24C) [275]. The 
designed scaffolds induced bone-tumor ablation by NIR-triggered pho-
tothermal hyperthermia. Meanwhile, the integration of 2D Ti3C2 MXene 
efficiently accelerated the growth of newborn bone tissue. The dual 
functionality of bone-tumor killing and bone tissue regeneration make 
these carbon-based scaffolds promising for the applications in bone 
tissue engineering. 

In addition, magnetic Fe3O4 NPs and hydrated GdPO4 nanorod- 
modified chitosan matrices scaffolds were designed for oncotherapy 
and bone defect healing through the BMP-2/Smad/RUNX2 signaling 
pathway (Fig. 24D) [276]. Similarly, magnetic SrFe12O19 NP-modified 
BG/CS porous scaffolds were fabricated for bone regeneration and 
photothermal therapy of bone cancer [277]. Additionally, 
NIR-absorbing organic cocrystal (DTC)-modified BG scaffolds enabled 
photonic OS hyperthermia and facilitated bone defect regeneration 
(Fig. 24E) [39]. These findings offer a new avenue to ablate malignant 
bone tumors and facilitate new bone formation for the treatment of bone 
cancer and resultant bone defects. 

3.5. Nanomaterials in bone infection 

3.5.1. Nanomaterials as implant coatings with antibacterial activity 
Implants are the most commonly used materials in orthopaedic 

surgeries, aiming to reconstruct bone and joints. However, implant- 
related infection is a catastrophic complication after surgery due to its 
potential for reoperation, long-term use of antibiotics, prolonged length 
of stay, distress for patients and economic burden on societies [278]. 
Therefore, various nanomaterials have been developed as implant 
coatings for preventing and treating implant-related infection (Table 7). 

Fabricating coating with specific metal nanomaterials can endow 
implants with antibacterial properties. TiO2 nanotubes with embedded 
silver oxide NPs were prepared with long lasting antibacterial property 
[289]. The Ag + released from the coating strongly killed Escherichia coli 
and Staphylococcus aureus without showing cytotoxicity on the osteo-
blasts. In addition, a hybrid magnesium/zinc-metal organic framework 
coating (Mg/Zn-MOF74) was fabricated on alkali-heat treated titanium 
surface (Fig. 25A) [290]. The Mg/Zn-MOF74 coating was sensitive to 
the bacterial acid microenvironment and displayed strong antibacterial 

ability against Escherichia coli and Staphylococcus aureus. The coating 
also exhibited anti-inflammatory property as compared to the pristine Ti 
substrates. These metal nanomaterial-based coatings could inhibit bac-
terial infection and promote bone regeneration around implants after 
implantation. 

Smart systems prepared from various nanomaterials have provided 
great opportunities to treat bone infection and serve as multifunctional 
systems for the delivery of antibiotics. These systems respond to multiple 
microenvironmental stimuli, such as NIR-light, pH and enzymes [283, 
291,292]. Su et al. designed a sulfur (S)-doping Ti implant with oxygen 
deficiency for the treatment of bacterial infected bone implants by 
photo-sonotherapy (Fig. 25B) [293]. This coating exhibited a superior 
bactericidal efficiency of over 99.9% against Staphylococcus aureus 
under 15 min NIR and ultrasound treatment. In addition, Yuan et al. 
fabricated a multifunctional hybrid coating consisting of mesoporous 
polydopamine NPs, photosensitizer indocyanine green and RGD peptide 
to eradicate biofilms on implant via NIR triggered photothermal and 
photodynamic therapy (Fig. 25C) [294]. The therapeutic coating effec-
tively killed Staphylococcus aureus biofilms with an efficiency of 95.4% 
under NIR. Moreover, the coating exhibited osteogenesis and osseoin-
tegration properties after biofilm eradication. Additionally, Hong et al. 
synthesized a hybrid coating of Bi2S3 nanorod arrays loaded with 
Ag3PO4 NPs to eliminate biofilm on bone implants upon NIR (Fig. 25D) 
[295]. The coating exhibited a high antibacterial efficiency of 99.45% 
against Staphylococcus aureus and 99.74% against Escherichia coli after 
15 min NIR irradiation. Moreover, Wu et al. proposed a win-win strategy 
for both delivering antibacterial therapy and fostering bone regenera-
tion [296]. Black phosphorus nanosheets (BPs) and zinc sulfonate ligand 
(ZnL2) were integrated into the surface of a hydroxylapatite (HA) 
framework. The BPs contribute to photothermal effects and BPs-ZnL2 
causes envelope stress to bacteria under NIR irradiation and subse-
quently releases Zn2+ and PO4

3− to facilitate osteogenesis. These NIR 
light-mediated strategies not only can be used to eradicate biofilm in 
vivo in a remotely controllable fashion but also provide insights into the 
design of multifunctional biomaterials in other fields. However, there 
are still some notable points, including the laser power density, tem-
perature and duration of NIR light irradiation. The NIR-induced pho-
tothermal effect should be well controlled below the threshold to 
achieve bacteria eradication and avoid damage to normal cells and 

Table 7 
Summary of example nanomaterials for bone infection.  

Category Nanomaterials Active principle Main results Ref. 

Implant coating Silver nanoparticles/PLGA 
coating 

Ag+ • exhibit strong antibacterial activity  
• promote pre-osteoblasts proliferation and maturation 

[279] 

Bioactive glass 
nanoparticles/PCL coating 

Cu2+ • induce more calcium phosphate formation on the coating surface  
• inhibit the growth of S. carnosus and E. coli by Cu2+

[280] 

Ti nanocolumn coating Ti nanocolumn  • exhibit strongly impaired S. aureus adhesion and subsequent biofilm formation [281] 
TiO2 nanorod coating Polydopamine, TiO2, MoS2, 

RGD  
• kill bacteria noninvasively upon co-irradiation of 660 nm visible light and 808 

nm NIR light through generating hyperthermia and ROS  
• promote the osteogenic activity 

[282] 

Chitosan coating hyaluronic acid, gentamicin, 
deferoxamine  

• drug release was associated with degradation of multilayers triggered by 
exogenous hyaluronidase  

• display effective antifouling and antibacterial properties against E. coli and 
S. aureus  

• enhance the adhesion, proliferation and osteo/angio-genic differentiation of 
MSCs 

[283] 

Polymeric coating Vancomycin, niosomes  • prolong drug release up to two weeks  
• exhibit no cytotoxic effects towards normal cells  
• control bacterial colonization and biofilms formation 

[284] 

Platforms for bone 
infection 

Chitosan scaffolds Vancomycin, ZIF8 
nanocrystals  

• vancomycin encapsulation efficiency for ZIF8 nanocrystals was 99.3%  
• vancomycin was released in a pH-controlled manner  
• inhibit the activity of S. aureus 

[285] 

nano-hydroxyapatite 
scaffolds 

Ag+, nano-hydroxyapatite  • exhibit an initial burst release of Ag+ and followed by a slow controlled release 
up to 39 days 

[286] 

Black phosphorus nanosheets Black phosphorus  • exhibit excellent NIR photothermal performance and good biocompatibility  
• enhance mineralization and bone regeneration 

[287] 

MoOx-hydroxyapatite 
nanoparticles 

Hydroxyapatite, MoOx  • promote the death of pathogen microorganisms  
• serve as a real-time imaging nanoplatform against bone infection 

[288]  
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Fig. 25. Nanomaterials as implant coating with antibacterial activity. A) illustration scheme of potential antibacterial mechanisms of AT-Mg, AT-Mg/Zn3 and AT- 
Mg/Zn5 substrates. (i) imprint and spread plate images of S. aureus seeding on different implant surfaces or surrounding medullary cavities after implantation for 3 
d with bacterial infection [290]. The images reproduced with the permission from Elsevier Ltd. B) Schematic illustration that shows the sulfur-doped clinically used 
bone screw has enhanced sonocatalytic-photothermal ability by creating oxygen deficiency and exhibits efficient bone infection therapy [293]. The image repro-
duced with the permission from American Chemical Society. C) Schematic illustration revealing the elimination process of already-established S. aureus biofilm on 
Ti-M/I/RGD implant in vivo, through NIR triggering remotely controlled PDT/PTT synergistic strategy [294]. The image reproduced with the permission from 
Elsevier Ltd. D) Illustration for the synthesis procedures for Bi2S3@Ag3PO4 nanorod arrays on Ti plates. (ii) Antibacterial efficiency against S. aureus and E. coli. (iii) 
The antibiofilm mechanism diagram of PDT and PTT induced by Bi2S3@Ag3PO4/Ti under 808 nm NIR light illumination toward bacteria [295]. The images 
reproduced with the permission from WILEY-VCH Verlag GmbH. 
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tissues. Commonly, mild local hyperthermia (40–42 ◦C) is recom-
mended to promote the mineralization process and enhance bone 
healing without affecting cell viability [297]. Therefore, the develop-
ment of more sensitive and accurate monitoring systems is needed to 
adjust NIR irradiation, avoid overheating and subsequent damage. In 
addition, the role of different stimuli on nanomaterial properties and 
performances should be fully understood in the future. 

Several nanomaterials that respond to pH changes have been 
developed to treat bone infection. Tobramycin-loaded micelles in 
nanostructured multilayer coatings of chitosan/heparin were fabricated 
as a novel pH-responsive strategy to treat implant-related infection 
[298]. Tobramycin-embedded micelles showed fast release at pH 7.4 
and slow release under acid conditions owing to the electrostatic 
interaction between tobramycin and heparin. In addition, Tao et al. 
designed a pH-responsive levofloxacin-loaded zeolitic imidazolate 
framework-8 (ZIF-8@Levo) layer-by-layer coating for inhibiting 
bacteria-associated infection and enhancing osseointegration (Fig. 26A) 
[299]. This coating eliminated E. coli and S. aureus by creating a 
marginally alkaline microenvironment and releasing Zn2+ and levo-
floxacin. Additionally, pH-sensitive naringin-zinc oxide NPs were 
designed as a novel coating on Ti substrate for eradicating bacteria, 
enhancing osteogenesis and inhibiting osteosarcoma (Fig. 26B) [300]. 
The accumulation of ROS induced by the coating could eliminate bac-
teria and induce osteosarcoma cell apoptosis via ROS/ERK signaling 
pathway. These pH-response strategies combat bacteria-mediated acid-
ification of the local microenvironment and enhance bone formation for 
potential orthopaedic applications. 

Enzymes are one of the common invasion factors utilized by bacteria 

to adhere to implants. Sutrisno et al. developed hyaluronidase- 
responsive biocompatible multilayers of chitosan (Chi)/sodium 
hyaluronate-lauric acid (SL) onto the surface of BMP2 loaded Ti nano-
tubes to prevent bacterial infection [301]. The degradation of SL 
multilayer was triggered by exogenous hyaluronidase at the initial stage 
of implantation and subsequently exhibited antibacterial properties 
against both E. coli and S. aureus. In addition, hydrolytically degradable 
nanolayered implant coatings loaded with antibiotics gentamicin and 
BMP2 were fabricated for eradication of biofilms and bone tissue repair 
(Fig. 26C) [302]. The gentamicin in the top layers was released rapidly 
to eradicate infection at the beginning. Following sustained release over 
several weeks, the underlying BMP2 induced significant mechanically 
competent bone formation. The multilayered implants with the host 
tissue improved bone-implant interfacial strength 15-fold compared 
with the uncoated one. These findings show the potential of 
enzyme-responsive layered release strategy for the treatment of 
implant-related infection. 

3.5.2. Nanomaterial-based platforms for bone infection 
Treatment of bone infection such as osteomyelitis remains a great 

challenge in the clinic. Uncontrolled bone infection leads to serious 
sepsis, bone erosion and even potential lifethreatening. Therefore, 
several nanomaterial-based strategies have been developed to treat 
osteomyelitis (Table 7). 

Composited scaffolds can serve as therapeutic platforms for antibi-
otics and antibacterial ions. Feng et al. synthesized nanocomposites 
consisting of hollow metal-organic framework (HNTM), MoS2 nano-
sheets and a red cell (RBC) membrane for the efficient treatment of 

Fig. 26. pH-responsive and hydrolytically degradable nanomaterials for implant-related infection. A) Schematic illustration of ZIF-8@Levo coating onto Ti implant 
and potential antibacterial pathways of the ZIF-8@Levo/LBL implant for infected femur treatment [299]. The image reproduced with the permission from Elsevier B. 
V. B) Schematic diagram of the regulation mechanism of Ti–ZnO-PBA-NG on the cellular molecular level [300]. The image reproduced with the permission from 
Wiley Periodicals, lnc. C) Programmed sequential dual therapy delivery strategy to win the “Race to the Surface” against bacteria. (i) Radiographs and 3D recon-
struction of new bone around implants at 1, 3, 5, and 8 weeks after revision [302]. The images reproduced with the permission from American Chemical Society. 
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osteomyelitis (Fig. 27A) [303]. The RBC-HNTM-MoS2 exhibited strongly 
antibacterial efficiency of 98.5% against MRSA under 15 min ultrasound 
treatment. Similarly, Au nanorod, HNTM and RBC were engineered as 
an ultrasound-activated single-atom catalyst for effectively treating 
MRSA-infected osteomyelitis under ultrasound irradiation (Fig. 27B) 
[304]. The RBC-HNTM-Pt@Au exhibited an efficient ultrasound pro-
pelled ability to dynamically neutralize the secreted toxins of MRSA. In 
addition, nanoglass paste loaded with silicate, calcium and copper was 
prepared as a multifunctional platform with antibacterial, proangio-
genic and osteogenic properties (Fig. 27C) [305]. The copper in the 
nanoglass paste effectively killed gram-positive and -negative bacteria 
by inducing high intracellular ROS levels. Additionally, vancomycin 
loaded chitosan/gelatin-strontium incorporated hydroxyapatite 

scaffolds were synthesized against chronic osteomyelitis infection 
[306]. The scaffolds exhibited effective antibacterial activity combating 
MRSA and methicillin-sensitive Staphylococcus aureus (MSSA) with a sus-
tained release of vancomycin. 

Interestingly, an in situ vaccination strategy for innate and adaptive 
immunity activation has been proposed for the treatment of bacterial 
osteomyelitis (Fig. 27D) [307]. PpIX-encapsulated hollow MnOx coated 
with a hybrid membrane derived from both macrophage and tumor cell 
lines was engineered as a biomimetic nanomedicine. The in situ nano-
vaccination evoked local and systemic antibacterial immunological re-
sponses, together with memory adaptive immunity against bacterial 
relapse. Hydrogels have also been widely used as antibacterial nano-
materials. Peng et al. designed a biodegradable thermosensitive 

Fig. 27. Nanomaterials-based platforms for bone infection. A) Sonocatalytic mechanism of HNTM-MoS2 and the efficient SDT treatment of osteomyelitis through 
rapid MRSA elimination and detoxification. (i) HRTEM images of HNTM, MoS2 nanosheets, and HNTM-MoS2 [303]. The images reproduced with the permission from 
American Chemical Society. B) Synthesis of the RBC-HNTM-Pt@Au, sonocatalytic mechanism, and the treatment of osteomyelitis through efficient SDT (ii) Cor-
responding SEM images of the MRSA [304]. The images reproduced with the permission from American Chemical Society. C). Schematic summarizing the multiple 
therapeutic actions of Cu-NGp coordinated in the osteomyelitis treatment (iii) X-ray images and the densitometry analyses [305]. The images reproduced with the 
permission from Elsevier Ltd. D). Schematics of HMMP In Situ Nanovaccination [307]. The image reproduced with the permission from American Chemical Society. 
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mPEG-PLGA based hydrogel loaded with teicoplanin for effectively 
treating osteomyelitis in rabbits [308]. The injectable hydrogel provided 
a 100% encapsulated rate, sustained release of teicoplanin and in situ 
gelling at the targeted tissue. These multifunctional nanoplatforms hold 
great promise for the therapy of bone infection. 

3.6. Nanomaterials in other bone-related diseases 

Various nanotherapeutic systems have been employed in other bone- 
related diseases, such as bone fracture, bone defect and spinal cord 
injury. For the treatment of bone fracture, there are numerous thera-
peutic agents. However, the blood concentration of these agents is 
almost always limited to showing pharmacological action at the fracture 
site. Therefore, targeted delivery systems such as nanoparticles and 
hydrogels have been developed for fracture healing [309,310]. 

The migration and proliferation of endogenous MSCs at the fracture 
site is a key step for accelerating bone fracture healing [311]. Based on 
this, porous Se quantum dot-modified SiO2 nanocomposites were 
fabricated for the treatment of bone fracture [312]. Se@SiO2 enhanced 
the migration and osteogenic differentiation of MSCs through the 
SDF-1/CXCR4 signaling pathway and reversed H2O2-induced apoptosis, 
thus promoting bone fracture healing. In addition, 
peptide-functionalized poly (styrene-alt-maleic anhydride)-b-poly (sty-
rene) NPs loaded with β-catenin agonists were synthesized as a fracture 
site-targeted delivery platform for expediting fracture healing (Fig. 28A) 
[313]. Specifically, increased bone bridging, ~4-fold greater torsional 
rigidity, and greater volumes of newly deposited bone were observed 
after 1-month treatment, indicating expedited fracture healing. For 
improved treatment of delayed fracture union, bone-targeted liposomes 
loaded with the bone anabolic agent salvianic acid A (SAA-BTL) were 

Fig. 28. Nanomaterials for bone fracture therapy. A) Schematic representation of TRAP-binding peptide-functionalized NPs for targeted delivery of β-catenin agonist 
for fracture healing [313]. The image reproduced with the permission from American Chemical Society. B) Bone-targeting SAA liposome for delayed fracture union. 
(i) Representative Safranin O and H&E staining of fracture callus at 18th day post closed femoral fracture. (ii) Series of representative lateral radiographs comparison 
of the fracture sites at 42 and 64 days post fracture of different treatment groups [314]. The images reproduced with the permission from Elsevier Inc. C) Exper-
imental scheme exhibits the probable formation of TiO2 incorporated Ge/CS biocomposite hydrogel structure. (iii) The FE-SEM morphological observations of 
prepared samples ((a) Chitosan, (b) TiO2, (d) Gelatin/chitosan and (e) TiO2-Gel/CS bio-composites hydrogel) [316]. The images reproduced with the permission 
from Elsevier Ltd. 
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developed with pyrophosphorylated cholesterol (Fig. 2BCE) [314]. 
Locally administered nanomedicine significantly improved fracture 
callus formation and micro-architecture with an accelerated minerali-
zation rate in the callus, indicating a promising therapeutic candidate 
for delayed bone fracture union. 

Hydrogels are crosslinked hydrophilic polymeric networks that can 
be swelled but not dissolved in water [315]. A titanium oxide (TiO2) 
NP-incorporated gelatin/chitosan matrix was designed as a 
bio-composited hydrogel system (Fig. 28C) [316]. The TiO2 incorpo-
rated hydrogel enhanced osteoblasts survival with no toxicity, thus 
accelerating bone fracture healing. In addition, chitosan-based inject-
able hydrogels conjugated with cellulose nanocrystals were fabricated 
for vertebral compression fracture repair [317]. These nanosystems 
show a great potential for bone tissue engineering. 

The angiogenesis in the defect area is a key factor for promoting bone 
formation and functional restoration. Based on this strategy, several 
nanomaterial-based scaffolds have been fabricated to drive angiogenesis 
or deliver angiogenic agents to the target tissues for vascularized bone 
regeneration. The common method is incorporating nanoparticles, 
nanosheets or nanofibers with different natural or synthetic materials, 
such as graphene oxide [318], bioceramics [319], silk fibroin [320], 
polycaprolactone [321], metal [322] and collagen [323]. For instance, 
graphene oxide-copper nanocomposites (GO-Cu) were used to coat 
porous calcium phosphate scaffolds [324]. The GO-Cu nanocomposites 
distributed uniformly on the surfaces of scaffold with prolonged release 
of copper icons. The GO-Cu coating could activate HIF-1α and increase 
the expression of VEGF and BMP-2, thus enhanced vascularized bone 
regeneration through ERK1/2 signaling pathway. In addition, nano-
fibrin stabilized calcium sulfate incorporated chitin (chitin-CaSO4-nFi-
brin) hydrogel system was synthesized [325]. The chitin-CaSO4-nFibrin 
gel was injectable with good moldability and temperature stable. The gel 
system could improve early cell attachment and promote 
osteo-differentiation via enhanced angiogenesis. Nano-bioactive glass 
could also be added to the scaffolds for bone tissue engineering. PLGA 
incorporated micro-nano bioactive glass porous scaffold was designed 
through a simple phase separation method [326]. The scaffold enhanced 
the attachment and proliferation of HUVECs and BMSCs, subsequently 
up-regulated the expression of angiogenic marker CD31 and osteogenic 
marker ALP. Nanoscaffolds could also perform as carriers of drugs or 
proteins with angiogenesis effect. Mesoporous silicate nanoparticles 
incorporated 3D nanofibrous gelatin scaffold was developed for 
dual-delivery of BMP2 and deferoxamine (DFO) [327]. The DFO and 
BMP2 were released from scaffold with different release rates (10 days 
and 28 days). The early release of DFO activated HIF-1α and trigger 
angiogenesis, subsequently improved BMP2-induced osteogenesis for 
bone tissue engineering. 

Despite advances of therapeutic scaffolds synthesized to enhance 
angiogenesis and osteogenesis, most studies have simply focused on the 
histological manifestations of angiogenesis. However, the crosstalk be-
tween endothelial cells and osteoblasts have not been fully elucidated. 
Moreover, the spatial and temporal dynamics connections of bone tis-
sues with an active vascular network is also a major concern for bone 
tissue repair and reconstruction. Therefore, a deeper understanding of 
the crosstalk and spatiotemporal regulation of angiogenesis and osteo-
genesis is still an urgent challenge for bone tissue engineering scaffolds. 

Apart from bone tissue engineering, several nanomaterials are 
widely used for the treatment of spinal cord injury. Polycaprolactone- 
based nanoparticles loaded with methylprednisolone sodium succinate 
(MPSS) were synthesized as a localized delivery platform for spinal cord 
injury therapy [328]. The nanodelivery system inhibited the expression 
of inflammatory cytokines and rescued the damaged spinal cord. Addi-
tionally, Gaudin et al. developed lipid squalene conjugated with squa-
lenoyl adenosine, and the subsequent formation of nanoassemblies 
provided neuroprotection against spinal cord injury [329]. Additionally, 
a multifunctional tetrahedral framework nucleic acid (tFNAs) system 
was established with miRNA-22 to modulate the crosstalk between 

Schwann cells (SCs) and macrophages for more effective rehabilitation 
of peripheral nerves [330]. The nanosystem could amplify the ability of 
SCs to recruit macrophages and promote their pro-healing M2 polari-
zation. These nanomaterials represent a new possibility for enhancing 
spinal cord repair and may provide direction for future research in this 
area. 

4. Conclusion and future perspectives 

Timely diagnosis, prompt management and treatment of bone- 
related diseases have become considerable challenges for all clinical 
and research personnel. With advances in nanotechnology, various 
nanomaterials with special functions and unique structures have been 
fabricated for bone-related disease medical applications. In this review, 
we provide a comprehensive overview of updated nanomaterials for 
biological imaging, biomarker detection and therapy of orthopaedic 
disorders. Despite the impressive progress of these advanced theranostic 
nanomaterials, critical problems remain that make them difficult to 
translate into the clinic. 

The nanotoxicity of nanomaterials has attracted much attention due 
to their chemical or physical damage to healthy cells [331]. Unlike 
regular chemical toxicants, the potential toxicity related to nano-
materials is synthetically affected by numerous factors, including size, 
shape, surface charge, chemical composition, dose and solubility. For 
instance, NPs with a smaller size could cause greater toxicity than 
large-size NPs owing to their ability to penetrate the skin, lungs and 
brain [332]. Moreover, the measured size might not be the same as the 
actual size after administration due to possible reactions caused by 
dispersion within the physicochemical microenvironment. Such re-
actions might make it difficult to determine the actual source of toxicity. 
In addition, NPs with spherical shapes usually undergo endocytosis 
much easier and faster than tube- and fiber-shaped NPs. Moreover, the 
cationic surface charge exhibits greater toxicity [333]. Therefore, 
endogenous biomimetic nanomaterials indicate a direction for nano-
material fabrication to reduce immunogenicity and enhance biological 
security. 

Regarding the drug-loading capacity and delivery efficiency of 
nanomaterials, there is still much room for improvement. Although the 
surface area of nanomaterials is large for high loading capacity, the drug 
concentration is usually limited to reach therapeutic effects in most 
cases [334]. Moreover, when the drugs only weakly interact with the 
surface of nanomaterials, the drugs are consumed before reaching the 
targeted position. Additionally, organs such as the liver, kidney and 
spleen might trap nanomaterials as foreign substances and subsequently 
eliminate them [335]. As a result, repeated administration with a large 
dose is needed, thus leading to more adverse effects. Therefore, there is 
an urgent need to develop nanomaterials with higher loading efficiency 
and physiochemical stability, and a systematic understanding of the 
interactions of nanomaterials with organs is required to reduce the 
filtration and elimination of nanomaterials before they reach thera-
peutic sites. 

Controlled multiphase drug release kinetics are gaining popularity 
due to their ability to enhance drug synergism and therapeutic efficacy 
[336]. Multiphasic delivery systems have been developed to automati-
cally respond to self-regulated stimuli, such as endogenous pH, NIR and 
specific molecules in the microenvironment [337]. However, there are 
still some notable points. For instance, the NIR-induced photothermal 
effect should be well controlled below the threshold to avoid damage to 
normal cells and tissues. For the treatment of bone-related diseases, mild 
local hyperthermia (40–42 ◦C) is recommended due to its ability to 
promote the mineralization process and enhance bone healing in 
bone-tissue engineering [297]. Therefore, the development of more 
sensitive and accurate monitoring systems is needed to adjust NIR 
irradiation, avoid overheating and subsequently damage. In addition, 
the microenvironment such as synovial fluid may also interact with 
intra-articular nanomaterials. The synovial fluid could increase the size 
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and reverse the charge of cationic NPs, thus inhibiting NPs loading into 
cartilage [338]. Therefore, the role of different stimuli on nanomaterial 
properties and performance is important to fully understand in the 
future. 

Nanomaterials with multiple functions have been developed for the 
treatment of bone-related diseases with better therapeutic activity and 
fewer adverse effects. For instance, nanomaterials with additional 
functionalities allow the precise diagnosis of disease and facilitate the 
therapeutic index simultaneously. Moreover, this strategy also combines 
various therapeutic agents, such as drugs and plasmid DNA, to act 
together for synergistic therapeutic efficacy of drugs and gene loads 
[339]. However, fully understanding the biological and pharmacolog-
ical actions of co-delivery therapeutic agents is necessary to avoid sys-
temic toxicity. Furthermore, the mechanisms underlying the interaction, 
regulation and other multiple roles of nanomaterials in bone-related 
diseases are essential to gain a deeper insight. 

The combination of various nanomaterials with different properties 
can allow synergetic nanomedical platforms for multimodal imaging 
and simultaneous therapy. Moreover, the conjugation of targeting 
moieties on the surface of these nanomaterials gives them specific tar-
geted imaging and therapeutic properties. For example, iron oxide 
nanoparticles, gold nanoparticles or fluorescent organic dyes can allow 
the detection of bone-related diseases through non-invasive MRI and 
optical guidance. The encapsulation of magnetic nanoparticles and 
anticancer drugs in a nanostructured matrix enables the simultaneous 
diagnosis and targeted chemotherapy. Additionally, the combination of 
magnetic nanoparticles and therapeutic genes can track gene delivery 
using MRI and achieve gene therapy. In addition, several nanomaterials 
that strongly absorb NIR irradiation, such as gold nanoshells, gold 
nanorods and single-wall carbon nanotubes, can be used for simulta-
neous optical imaging and photothermal therapy. Therefore, future 
research directions in creating novel nanomaterials may focus on tar-
geted multimodal imaging and simultaneous diagnosis and therapy. 

Overall, nanomaterials have opened an avenue for the diagnosis and 
therapy of bone-related diseases. Advances in nanomaterials have 
enormous potential to revolutionize the detection, treatment and pre-
vention of orthopaedic disorders. However, transferring these nano-
materials into routine clinical practice remains a challenge. Continued 
efforts toward the development of highly accurate and real-time sensi-
tive diagnosis nanosystems and the fabrication of nanoplatforms with 
higher drug loading efficacy, sequential release kinetics, multiple 
functions and less biotoxicity should further proceed. We hope that the 
concepts, highlighted results, remaining challenges and future di-
rections presented in this review will stimulate interest and further ad-
vances in the diagnosis and therapy of bone-related diseases. 
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