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A B S T R A C T   

The skeletal system is responsible for weight-bearing, organ protection, and movement. Bone diseases caused by 
trauma, infection, and aging can seriously affect a patient’s quality of life. Bone targeted biomaterials are suitable 
for the treatment of bone diseases. Biomaterials with bone-targeted properties can improve drug utilization and 
reduce side effects. A large number of bone-targeted micro-nano materials have been developed. However, only a 
few studies addressed bone-targeted hydrogel. The large size of hydrogel makes it difficult to achieve systematic 
targeting. However, local targeted hydrogel still has significant prospects. Molecules in bone/cartilage extra-
cellular matrix and bone cells provide binding sites for bone-targeted hydrogel. Drug delivery systems featuring 
microgels with targeting properties is a key construction strategy for bone-targeted hydrogel. Besides, injectable 
hydrogel drug depot carrying bone-targeted drugs is another strategy. In this review, we summarize the bone- 
targeted hydrogel through application environment, construction strategies and disease applications. We hope 
this article will provide a reference for the development of bone-targeted hydrogels. We also hope this article 
could increase awareness of bone-targeted materials.   

1. Introduction 

The prevalence of automobiles and an aging society have led to a 
gradual increase in the incidence of orthopedic disorders caused by 
trauma and aging [1–3]. Comminuted and open fractures caused by 
high-energy injuries increase the risk of bone defect and osteomyelitis 
significantly. The increasing elderly population has led to an increase in 
the number of patients with degenerative orthopedic diseases such as 
osteoarthritis (OA) and osteoporosis (OP) [4,5]. These orthopedic dis-
eases create a huge social and economic burden. Advances in bioactive 
materials provide new treatments for orthopedic disorders [6]. Bioactive 
materials can enhance the stability of fracture internal fixation, promote 
fracture healing and repair bone defect [7]. Antimicrobial drug-loaded 
biomaterials can effectively control bone infections and improve the 
prognosis of osteomyelitis. For the elderly, the development of new 

biomaterials to repair articular cartilage damage or decrease the bone 
loss is highly beneficial [8]. The development of bioactive materials 
provides an important contribution to the advancement of orthopedic 
diseases treatment. 

Biomaterials for orthopedic applications focus on improving osteo-
conductive and osteoinductive ability. The physical and chemical 
properties of bone should be considered. Calcium phosphate (CaP) bone 
cement and polymethyl methacrylate (PMMA) bone cement are widely 
used for high bone affinity [9]. Materials with high bone affinity and 
osseointegration, such as materials that target hydroxyapatite (Ha), are 
used as active coatings for internal fixation devices to enhance internal 
fixation stability [10]. In recent years, materials with specific 
bone-targeted properties have been developed. A recent review article 
by our team provides a comprehensive overview of the current status of 
research in bone-targeted biomaterials [11]. However, hydrogel, a 
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commonly used material in bone diseases treatment, was not fully dis-
cussed in our previous review. 

Hydrogels are a class of three-dimensional reticulated macromolec-
ular materials with high hydrophilicity [12]. Bulk hydrogels have been 
widely reported in bone diseases as scaffolds for bone tissue engineering, 
carriers for the controlled drugs delivery, and bone repair materials in 
bone regeneration [13]. Bulk hydrogels have adjustable biophysical and 
biochemical properties, the ability to program degradation, and flexible 
modification [14]. The structure of hydrogel is very similar to the ECM 
of bone and cartilage, which makes hydrogels very suitable for bone 
repair and regeneration. Hydrogels have developed from simple natural 
or synthetic hydrogels to smart hydrogels with several properties to 
achieve response and targeting [15]. However, there are some disad-
vantages of bulk hydrogels, including large size, low specific surface 
area, lacking of micropores, and low speed of degradation. Those dis-
advantages lead to poor cell infiltration and cell viability [16]. 

Microgels with 10 nm–100 μm diameter were developed to over-
come the shortcomings of bulk hydrogels [17]. Microgels can be injected 
into injury sites or injected through vein. Due to their small size and 
deformability, microgels can cross some bio-barriers. Due to the 
controllable micropores and reversible swelling capacity of microgels, 
microgels serve as mobile drug and cells carriers [18]. Microgels can be 
functionalized with targeting units on their surfaces [19]. Microgels 
have several properties, such as injectablility, microporosity, heteroge-
neity, and modifiable surfaces. Due to those features, microgels are the 
most suitable materials to manufacture targeted hydrogels. 
Microgel-based targeting carriers can increase the local drug 

concentration and enhance the therapeutic effect. However, due to their 
small size and fast degradation, microgel-based targeting carriers cannot 
achieve long-term drug delivery. In contrast, smart drug depot hydrogels 
can achieve long-term drug delivery for a single treatment due to their 
large block size and large amounts of targeted drugs. 

Recently, several publications have reported hydrogels with bone- 
targeted ability or the ability to release bone-targeted drugs. In this re-
view, we focus on the development of hydrogel microspheres or nano 
hydrogels with bone-targeted properties and some hydrogel materials 
that can load bone-targeted drugs. We discuss the application scenarios, 
construction strategies, and clinical applications of bone-targeted 
hydrogels. We hope this review could be a reference for the develop-
ment of bone-targeted hydrogels. 

2. Cartilage targeted hydrogel for joint 

2.1. Structure and micro-environment of joints 

2.1.1. Anatomy and function 
Joints are connections between two bones that are responsible for 

limb movement and force conduction. Joints consist of soft tissues such 
as the joint capsule, ligaments, and meniscus, along with hard tissues 
such as articular cartilage and subchondral bone (Fig. 1). The structural 
integrity of the joint is the basis for ensuring joint mobility. Articular 
cartilage and subchondral bone are linked as functional units [20]. The 
concept of an osteochondral unit considers the cartilage and sub-
chondral bone as a whole [21]. Articular cartilage is primarily 

Fig. 1. A schematic figure of the anatomy and micro-structure of long bones The red rectangle indicates the anatomy and microstructure of the metaphysis. The 
green rectangle indicates the anatomy and microstructure of the diaphysis. The blue rectangle indicates the anatomy and microstructure of the articular osteo-
chondral unit. Metaphysis and diaphysis share similar extracellular matrix and cellular components, including a bone matrix composed of type I collagen and calcium 
salt crystals. In the metaphysis and diaphysis, bone cells include bone marrow mesenchymal stem cells (BMSCs), osteoblasts (OB), and osteoclasts (OC). Articular 
cartilage is mainly composed of type II collagen, proteoglycans, and chondrocyte. Created by Biorender. 
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responsible for reducing friction and transmitting loads. The sub-
chondral bone is responsible for distributing and transmitting loads from 
joints [22]. Articular cartilage and subchondral bone exhibit dramatic 
differences in cellular composition, extracellular matrix structure, and 
the rate of matrix remodeling. These differences balance the load be-
tween articular cartilage and subchondral bone and protect the cartilage 
in the physiological state [23]. In the pathological state, abnormal 
changes in either structure can affect the other [24]. 

2.1.2. Micro-structure 
Articular cartilage is composed of a large amount of extracellular 

matrix. The chondrocytes only occupy 5% of the weight of the cartilage 
[25]. The main component of the extracellular matrix is water, and the 
rest of the dry weight consists mainly of type II collagen and pro-
teoglycans (Fig. 1). Human articular cartilage is divided into four layers: 
the superficial, transitional, deep, and calcified cartilage layers. In the 
superficial layer, the chondrocytes are flattened and the collagen fibers 
are arranged parallel to the joint surface. In the transitional layer, 
collagen fibers are gradually arranged in an oblique manner, and mul-
tiple chondrocytes are arranged in columns. In the deep layer, the 

collagen fibers are arranged perpendicular to the articular surface, and 
the chondrocytes are arranged in clusters. In the calcified cartilage layer, 
hypertrophic chondrocytes are present. The extracellular matrix appears 
to be calcified. 

There is a demarcation line between the calcified cartilage and the 
hyaline cartilage that can be revealed by tissue staining. This line is 
known as the tidemark [26]. The calcified cartilage is embedded with 
the subchondral bone plate beneath each other, and the junction line 
appears wavy. The subchondral bone plate is a denser layer of cortical 
bone which then gradually transitions to subchondral trabeculae 
perpendicular to the bone plate [27]. As the main components of 
articular cartilage, type II collagen and proteoglycans, such as hyal-
uronic acid (HA) and chondroitin sulfate (ChS), are the main targets of 
bone-targeted materials (Fig. 1). In addition, chondrocytes, as the pri-
mary cells in cartilage, are also potential material targets. 

The main problem in the application of hydrogel in cartilage is how 
to cross the tidemark and transport hydrogels to the deep layer of 
cartilage. Articular cartilage matrix is acidic, mostly negatively charged, 
with a relatively large gap between collagen [28]. However, it is 
important to note that the tidemark is a physical barrier. Tidemark could 

Fig. 2. Strategies for hydrogels targeted at the articular cartilage. (A) The biodistribution of various targeted (passive or active) hydrogel particles in healthy and 
osteoarthritic joints. Reproduced with permission [30]. Copyright 2020, Elsevier (B) The scheme of material synthesis and the experimental process of smart drug 
depot hydrogel developed by our team. Reproduced with permission [34]. Copyright 2020, RSC Publications. 
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stop larger molecules moving between the hyaline cartilage and calci-
fied cartilage. The tidemark has an average gap of 30 nm and a 
maximum gap of almost 100 nm. A study reported that the tidemark can 
allow the passage of molecules up to 150 KDa [29]. These characteristics 
lead some physical limits for bone-targeted materials. Oversized mate-
rials could only be able to stay in the hyaline cartilage. 

2.2. Strategies for hydrogels targeted to the articular cartilage 

ECM and cells in the articular cartilage are potential targets for 
targeted materials. Targeted microgel-based hydrogels perform active 
targeting by special surface moieties that interact with molecules in the 
cartilage such as collagen II, hyaluronic acid, and ChS. On the other 
hand, microgel-based hydrogels perform passive targeting via biophys-
ical and biochemical properties such as size and charge (Fig. 2A) [30]. 
The recommended size of microgel-based hydrogels in cartilage is lower 
than 30 nm, and positive charged hydrogels could target cartilage ECM. 
In joint-related diseases such as osteoarthritis, specific molecules 
emerge during the pathology of the disease, thus providing targets for 
specific drugs [31–33]. These targeted drugs have already been loaded 
into large smart drug depot hydrogels (Fig. 2B) [34]. 

2.2.1. Microgel-based hydrogels targeted to the articular cartilage 
Microgel-based hydrogels have been reported in OA [35]. These 

targeted microgel-based hydrogels are regarded as ideal carriers for 
drug, liposome, and peptide loading [36–40]. 

ChS possesses targeting potential because of its easy interaction with 
collagen II and the receptor CD36 on chondrocytes [41]. Compared to 
non-functional particles, ChS-decorated delivery carrier systems can 
target the articular cartilage [35]. Jain et al. reported diacerein-loaded 
solid lipid nanoparticles modified with ChS hydrogel that could target 
the cartilage in a rat OA model [40]. Firstly, soy lecithin was dissolved in 
chloroform and mixed with diacerein dissolved in methanol. This 
mixture is added to melted stearic acid and stirred quickly to make a 
primary emulsion. Primary emulsions was added to the hot water phase 
containing Pluronic F68 and citric acid, and homogenized at high speed 
for 10 min. Then, the aqueous solution containing ChS was added to the 
suspension and sonicated for 10 min. Finally, water and organic solvents 
were evaporated under vacuum to obtain ChS modified lipid nano-
particles. The particle size of these ChS modified lipid nanoparticles was 
396 ± 2.7 nm. This study confirmed that the ChS hydrogels could be a 
cartilage-targeted drug delivery system. 

Microgel-based hydrogels with a positive charge such as chitosan 
and GelMA exhibit the natural ability to target cartilage tissue [42]. 
Ebada et al. fabricated a micro/nano-hydrogel (average diameter 
156.80 ± 0.05 nm) by adding cassic acid (CA) integrated 
nano-reservoirs (CA-NRs) in positively charged ChS hydrogel [43]. They 
prepared CA-integrated nanomaterials based on the ionic conjugation 
between CA and the hydrophobic cationic surface modifier octadecyl-
amine (ODA). Positive-charged CA-NRs (average electric potential 
41.83 ± 5.63 mV) combined with ChS improved cartilage-targeting 
ability and the release of drugs in a long term. 

HA is also an important component in cartilage. HA has high affinity 
for the CD44 receptor, which is expressed on the surface of chon-
drocytes. Therefore, HA-based microgel containing active molecules 
could target chondrocytes actively via local injection [44]. To achieve 
controlled delivery and cartilage cell targeting, HA could also be coated 
on a polymeric nanoparticle core. Another study reported a HA coated 
bovine serum albumin nanoparticle (average diameter of 700 nm) that 
actively interacted with chondrocytes via selective binding to the CD44 
receptor [45]. 

2.2.2. Smart drug depot hydrogels targeted to the articular cartilage 
Due to limited drug loading capacity, microgel-based hydrogel sys-

tems have an unsatisfactory drug release rate and therapeutic efficiency 
in long-term treatment. To address those challenges, targeted smart drug 

depot hydrogels were proposed. This system carries targeted particles or 
inhibitors in hydrogel to achieve continuous treatment effect [46]. 
These types of depot hydrogels could release cargoes and degrade 
gradually [47]. Oliveira reported two novel hydrogel delivery systems 
based on drugs targeted to rheumatoid arthritis (RA) [48]. By combining 
ChS with a poly amidoamine encapsulating anti-TNF- antibody, they 
created a dendrimer nanoparticle. Nanoparticles were loaded into 
tyramine-gellan gum (Ty-GG) hydrogel and Ty-GG/silk fibroin hydrogel 
to treat RA via local injection. These hydrogels demonstrated a good 
drug release rate and reduced RA symptoms via TNFa activation. 
Hydrogel-based drug depots can release targeted inhibitors such as 
antimiR-221, circular RNAs3505, ADAMTS-5 inhibitor, and 
small-interfering RNA targeting MMP 9 to chondrocytes directly and 
gradually [49–53]. Lolli fabricated a novel targeted depot based on 
fibrin/hyaluronan hydrogel. This hydrogel contained a microRNA tar-
geting miR-221 [52]. This system promoted chondrogenesis and chon-
drogenic differentiation from BMSCs and lasted for 14 days. 

2.3. Targeted hydrogels for osteoarthritis 

OA is a degenerative disease characterized by cartilage degradation, 
inflammation, subchondral bone sclerosis, and osteophyte formation. 
OA has become a common reason for disability in the elderly [22]. OA is 
a gradual evolutionary process with different characteristics at each 
stage. Researchers focused on protecting cartilage and slowing the 
progression of OA in the early stages, when the cartilage had not 
completely worn away. Healthy joints can move smoothly with little 
friction due to the hydration lubrication mechanism [54]. However, this 
function of a joint is impaired in patients with OA. Increasing inter-
chondral lubrication has a significant role in protecting the cartilage. 
Some bio-materials have been coated with hydration layers to alleviate 
OA and report good outcomes [55]. However, these biomaterials can be 
broken by friction and cannot provide long-term lubrication [56,57]. 
Therefore, biomaterials that target cartilage surfaces with a 
self-repairing ability are preferred. Lei designed a injectable hydrogel 
microsphere (HMs) that possessed self-renewable hydration layers and 
could target cartilage [58]. These hybrid hydrogel microspheres consist 
of rapamycin (RAPA)-loaded and HA-based hydrogenated soy phos-
phatidylcholine (HSPC) liposomes. The positive zeta potential of lipo-
somes formed a robust hydration layer on the negatively charged 
cartilage to provide lubrication. Methacrylated HA (HAMA)-based 
hydrogel microspheres serve as a liposome reservoir to renew the hy-
dration layers and maintain a stable lubrication environment. RAPA can 
be sustainably released from liposomes to maintain cellular homeostasis 
by improving autophagy and reducing ROS regeneration. In vivo ex-
periments showed that the lubricated microgel could alleviate articular 
damage and delay the progression of OA (Fig. 3A). These targeted 
microgel used the passive target method to form a long-durative lubri-
cated membrane at the surface of articular cartilage. 

The degradation of ECM and apoptosis of chondrocytes are key 
processes in the progression of OA. In the advanced stage of OA, matrix 
homeostasis is disrupted, leading to cartilage loss and chondrocytes 
apoptosis. Protection of chondrocytes and correction of the unbalanced 
ECM metabolism are vital in preventing OA progression. Several treat-
ments have been reported to treat these processes, including stem cell 
therapy, small molecule therapy, and gene therapy [59,60]. CircRNAs 
are crucial regulators of chondrocyte apoptosis in OA [61]. Effective 
delivery of circRNAs could alleviate apoptosis of chondrocytes. An 
injectable thermosensitive hydrogel combined with small extracellular 
vesicles (sEVs) loaded with circRNA has been developed to prevent OA 
progression [49]. sEVs derived from synovium mesenchymal stem cells 
and encapsulated in a hydrogel composed of poly(D,L-lactide)-b-poly 
(ethylene glycol)-b-poly(D,L-lactide). CircRNA3503 in sEVs could 
enhance ECM synthesis, inhibit chondrocyte apoptosis, and relieve ECM 
degradation by penetrating cartilage to target chondrocyte. The results 
of histological staining have further demonstrated that this targeted 
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therapeutic strategy may be a potential approach for OA (Fig. 3B). 
In the late stages of OA, cartilage defects and subchondral bone 

exposure are the main pathological features [62]. Chondrocyte catabo-
lism and the expression of MMPs may impede cartilage repair [63]. 
Furthermore, articular cartilage is an avascular tissue, leading to little 
regenerative capacity [64]. Osteochondral defects are a significant 
challenge in the clinic. Recent research has proven that miR-221 in bone 
marrow mesenchymal cells (BMSCs) may impede cartilage repair in vivo. 
Chondrogenesis can be effectively induced by silencing miR-221. Lolli 
utilized a fibrin/hyaluronan (FB/HA) hydrogel to deliver a microRNA 
targeting miR-221 (antimiR-221) to enhance cartilage regeneration 
[52]. In this study, antimiR-221 released from FB/HA hydrogel gradu-
ally. Results of histology and immunohistochemistry in an osteochon-
dral defect model demonstrated that cartilage regeneration was 
enhanced by this hydrogel (Fig. 3C). 

3. Targeted hydrogel for bone metaphysis 

3.1. Structure and micro-environment of the long bone metaphysis 

3.1.1. Anatomy and function 
The Association for the Study of Internal Fixation defines the meta-

physis as a square area at the end of the long bone. The side length of this 
square is the joint width. The main anatomy of the metaphysis contains 
the subchondral trabecular bone, the epiphyseal line (the growth plate 
in immature animals) and the metaphysis trabecular bone (Fig. 1) [65]. 
The epiphyseal cartilage is an important structure for the growth of 
human limbs and is a multi-layered structure similar to articular carti-
lage. Chondrocytes gradually proliferate, undergo hypertrophy, differ-
entiate, and eventually calcify in the deepest layer [66]. In adults, the 
growth plate is fully calcified to form an epiphyseal line consisting of 
lamellar bone. 

Trabeculae are mainly located in the metaphysis and are arranged in 

Fig. 3. Application of cartilage-targeted hydrogel in osteoarthritis. (A) Cartilage-targeted hydrogel microspheres with self-renewable hydration layers alleviate 
osteoarthritis [58]. Reproduced with permission Copyright, 2022 American Association for the Advancement of Science. (B) A thermosensitive hydrogel loaded with 
small extracellular vesicles in combination with circRNA3503 to prevent osteoarthritis [49]. Reproduced with permission Copyright, 2021 Elsevier. (C) 
Hydrogel-based delivery of antimiR-221 targeted to the chondro-progenitor cells for cartilage regeneration [52]. Reproduced with permission Copyright, 
2019 Elsevier. 
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a lamellar or linear pattern with an average of 50–400 μm in thickness 
[67]. Trabeculae bone is polyporous, and the porosity is 30–40%. The 
range of distance between bone rods is from 100 to 500 μm. Trabecular 
osteons are semilunar, and normally approximately 35 μm in thickness 
[68]. The arrangement of the trabecular bone is distributed along the 
compressive and tensile stresses. Thus, a complex three-dimensional 
structure was formed in the trabeculae bone to disperse and transfer 
load [69]. The blood supply of the trabecular bone at the metaphysis is 
abundant, and the bone turnover rate is relatively fast [70]. Under 
physiological conditions, the functions of bone formation and bone 
resorption in the trabecular bone are coupled. In the pathological state 
or aging, this precise balance is disrupted and leads to the disruption of 
bone microstructure. Therefore, the bone-targeted materials in the 
metaphysis need to regulate the activity of osteoblasts and osteoclasts. 

3.1.2. Micro-structure 
Bone tissue is predominantly a large amount of bone matrix in 

addition to a smaller number of osteocytes, osteoblasts, and osteoclasts. 
Unlike the cartilage matrix, the bone matrix mainly consists of type I 
collagen and a small amount of proteoglycans and lipids. The bone 
matrix is characterized by many crystals of inorganic metal salts. Ha is 
the main form of calcium salt deposition in bone tissue, which appears as 
fine needle-like crystals on electron microscopy [71]. Type I collagen 
consists of a triple helix structure consisting of three polypeptide chains 
that provide attachment points for calcium salt crystals (Fig. 1) [72]. 
The collagen arrangement in trabecular bone is still somewhat direc-
tional. The matrix of trabecular bone is less intact than that of cortical 
bone. Therefore, the mechanical properties of trabecular bone are 
weaker than those of cortical bone [73]. It is hard to measure the pH 
valve of bone in vivo. According to research about acid-base balance in 
bone, the normal pH valve of bone was estimated at 7.2–7.4 [74]. The 
bone matrix is composed of Ha and type I collagen, so it could be 
negatively charged. In cancellous bone, type I collagen and Ha are the 
main extracellular targets. BMSCs, OB and OC are the main cellular 
targets that regulate the microenvironment of trabecular bone [75]. 

Except osteocytes, other bone cells are located in the bone marrow or 
adhere to the bone surface. The issue lies in applying hydrogel in the 
metaphysis is accurate delivery rather than penetrating. Targeting the 
specific cell types directly and realizing multi-targeting are great 
challenges. 

3.2. Strategies for hydrogels targeted to the metaphysis 

The metaphysis predominantly consists of trabecular bone and is 
vulnerable to OP [76]. The porosity of metaphysis trabecular bone is 
large, and the targets of metapyhsis are on the surface of the bone. Thus, 
there is no limitation on the diameter of the hydrogels. Besides, the main 
component of bone matrix is Ha, which is commonly considered an 
electrical neutral material. Therefore, charge modification is not suit-
able for metaphysis targeting. Modifying with matrix or cell-targeted 
molecules on the surface of the hydrogel and embedding bone matrix 
or cells targeted drugs in the hydrogel are two main strategies for 
bone-targeted hydrogel. 

3.2.1. Microgel-based hydrogels targeted to the metaphysis 
Due to the lack of specific moieties and a low affinity for mineralized 

tissue, no research showed that non-hybrid hydrogels could target bone 
tissue. Several bone-targeting drugs, including bisphosphonates and 
oligopeptides, can be modified on hydrogels [77]. BP has been used to 
modify the branching chains of natural and synthetic hydrogels in order 
to achieve active targeting on osteoclasts and inhibit bone resorption 
[78]. Zhao fabricated a micro scale (265 ± 36 μm) targeted GelMA-BP 
microparticles hydrogel by microfluidic technology [79]. GelMA-BP 
was synthesized by grafting BP onto the GelMA branching chains via 
the Schiff base reaction and aldehyde activation reaction. Mg2+ is an 
osteogentic metal ion. GelMA-BP microspheres can capture Mg2+ by 

magnetism to form a GelMA-BP-Mg system and possess a dual targeting 
function. GelMA-BP-Mg could promote bone formation and inhibit bone 
resorption simultaneously (Fig. 4A). Farbod developed a biocompatible 
gelatin nanoparticle (475 ± 66 nm) that displayed a strong affinity with 
mineralized surfaces by conjugating alendronic acid (ALN) [80]. Gelatin 
nanoparticles were prepared using a two-step desolvation method. The 
gelatin nanoparticles were cross-linked with glutaraldehyde (GA). Then, 
the residual aldehyde group of the GA cross-linking reaction was com-
bined with the amino group on ALN. Interestingly, the affinity of gelatin 
nanoparticles with calcium phosphate increased after cross-linking with 
ALN. This nanoparticle hydrogel could stick to the bone surface and 
inhibit osteoclast activity through ALN. 

3.2.2. Smart drug depot hydrogels targeted to the metaphysis 
Due to its unique 3D ECM-like properties, hydrogel is an attractive 

drug depot for bone-targeted drugs [81]. The targeted drug release from 
hydrogels is regulated by the intrinsic properties of the hydrogel and 
drug-network interactions [82]. To improve the biocompatibility and 
reduce the side effects of ALN. ALN was hybridized into poly (lactide--
co-glycolide) (PLGA) by solid-oil-water emulsification. To achieve 
long-term release, ALN-PLGA nanoparticles were encapsulated in a 
gellan gum hydrogel [83]. Yu manufactured a nanoparticle by 
combining sCT and Ha (sCT-Ha) and loading the thermo-sensitive 
hydrogel based on hydroxypropyl chitin (Fig. 4B) [84]. They also 
introduced active bone-targeted nanoparticles by combining sCT and 
oxidized calcium alginate (OCA) via the similar approach. An excellent 
effect of promoting bone regeneration was reported (Fig. 4C) [85]. 

Other osteogenetic drugs, such as LLP2A, Apt19S, or bone resorption 
inhibitors, such as V3 and D-Asp8 peptide, could be embedded in the 
hydrogel depot [11]. Hydrogels with those targeted molecules may 
develop into potential materials to treat OP. Gačanin designed a DNA 
hydrogel system by chemically modifying human serum albumin with 
DNA [86]. This DNA hydrogel encapsulated the reorganized 
Rho-inhibiting C3 toxin (C2IN-C3lim-G205C) which selectively targeted 
osteoclasts to reduce osteoclast formation and resorption activity. 

3.3. Targeted hydrogel for osteoporosis and osteoporotic fracture 

OP is a systemic, progressive, and metabolic disease that particularly 
affects the elderly and postmenopausal women [87]. OP is characterized 
by low bone mass and the disruption of the bone micro-architecture 
caused by the imbalance between bone formation and bone resorption 
[88,89]. This degradation of the microstructure of the bone tissue forms 
a disruption of the bone trabeculae, leading to increased bone fragility 
and susceptibility to fragility fractures. Several drugs have been 
approved to suppress bone resorption and improve bone formation in 
the clinic, such as BP, calcitonin, and parathyroid hormone (PTH). 
However, some drawbacks and side effects may limit the application of 
these drugs. 

To overcome these difficulties, some researchers have developed 
bone-targeted hydrogels. Modification of hydrogels with BP creates a 
way to fabricate bone-targeted hydrogels for OP. BP can inhibit the 
activity of osteoclasts by binding to osteoclasts via two phosphate 
groups and prevent bone resorption by covering on bone matrix [11]. A 
long-term delivery hydrogel system has been developed to release ALN 
for OP therapy (Fig. 5A) [90]. ALN can be released for 28 days due to the 
slow degradation of the hydrogel. The anti-osteoporosis effect of this 
system was evaluated by measuring the bone mineral density (BMD) of a 
rabbit ovariectomized (OVX) model. The injectable hydrogel loaded 
with ALN effectively increased BMD in the rabbit OVX model (Fig. 6A). 
An osteoclast-targeted hydrogel composed of protein and DNA was re-
ported to inhibit osteoclast formation and activity by releasing 
Rho-inhibiting C3 toxins in a spatiotemporally controlled manner [86]. 
This hybrid hydrogel was based on hydrogen bonds. It could be 
degraded by DNase to release cargo. Rho-inhibiting C3 toxins could 
inhibit osteoclast formation and bone resorption without affecting 
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osteoblast differentiation and mineralization. Hybrid hydrogels targeted 
to osteoclasts may be a potential method for OP. 

OP can cause fragility fractures and impede bone healing [91]. 
Osteoporotic bone defects are common in fragility fractures due to low 
bone mass [9]. Due to the acidic, high ROS levels and lack of oxygen 
microenvironment of osteoporotic bone defects, osteoclast activity is 
high and hampers bone healing. Therefore, systemic therapy for OP 
combined therapy for bone regeneration is widely accepted for the 
treatment of osteoporotic bone defects. Recently, Zeng described a 
ALN-loaded graphene oxide (GO) modified collagen sponge that could 
promote osteogenesis and inhibit osteoclasts in osteoporosis [92]. This 
was a hybrid hydrogel that crosslinked type I collagen with ALN modi-
fied GO. GO increased the osteogenic differentiation of BMSCs, the ALN 
inhibited osteoclasts, and type I collagen served as a scaffold for cell 
adhesion. This biomaterial showed active anti-osteoclastogenic effects, 
osteogenesis ability, and enhanced bone formation in osteoporotic rats 
(Fig. 5B). Consequently, this bone-targeted hydrogel could represent an 

ideal tool for bone regeneration with OP. 
Bone-targeted hydrogel microspheres capturing Mg2+ via metal ion- 

coordinate bonds have been developed for the treatment of osteoporotic 
bone defects [79]. Mg2+ plays a vital role in bone formation by pro-
moting osteogenesis and angiogenesis. The microspheres exhibited 
active capture and slow release of Mg2+. Histological assessments have 
proved that these composite microspheres promote osteoporotic bone 
defect repair via Mg2+ capture (Fig. 5C). However, microgel-based 
hydrogel could only be applied to bone defects without load bearing. 
Because of the low mechanical properties of ploy microgel-based 
hydrogel, it can not provide effective support. 

Fig. 4. Strategies for hydrogels targeting the metaphysis. (A) The process of microfluidic GelMA-BP microspheres and the construction of GelMA-BP-Mg micro-
spheres that capture Mg2+ for the treatment of osteoporosis via an inspired “magnet” function. Reproduced with permission [79]. Copyright 2021, ACS Publications. 
(B) The manufacture of sCT-HA hydrogel particles, the sCT-HA-HPCH hydrogel and the sustained release process. Reproduced with permission [84]. Copyright 2020, 
RSC Publications. (C) Fabrication of sCT-OCA-HPCH hydrogel and its main functions. Reproduced with permission [85]. Copyright 2020, ASC Publications. 
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4. Bone targeted hydrogel for diaphysis 

4.1. Structure and micro-environment of the long bone diaphysis 

4.1.1. Anatomy and function 
The long bone diaphysis is a tubular structure consisting of a hard 

peripheral cortical bone and a bone marrow cavity (Fig. 1). Cortical 
bone has good mechanical properties, especially against axial loads and 
supports the weight of the body. Cortical bone, on the other hand, has 
limited lateral strength and is prone to diaphysis fractures during high- 
energy injuries [93]. The bone marrow cavity contains mainly he-
matopoietic lineage cells, adipocytes, and BMSCs. These cells maintain 
bone growth and development, bone metabolism and repair, and the 
renewal of the hematopoietic system [75,94]. 

4.1.2. Micro-structure 
Compared to trabecular bone, cortical bone is more mineralized and 

has a regular microstructure. Cortical bone is generally composed of the 
periosteum, outer circumferential lamellae, osteon, inner 

circumferential lamellae, and endosteum (Fig. 1). The periosteum is 
thicker at the attachments of muscles, tendons, and trophoblastic ves-
sels. The periosteum is composed of many collagen fibers and fibro-
blasts. Both outer circumferential lamellae and inner circumferential 
lamellae are aligned along the longitudinal axis of the long bones. A 
large number of osteons are located between the inner and outer 
circumferential lamellae, also known as the Haversian system [95]. The 
osteon is cylindrical. The collagen fibers of the osteon are arranged in 
concentric circles. Haversian systems are approximately 0.5–2.5 mm 
long and 100–500 μm wide [67]. Osteocytes are located in a trap in the 
osteon, surrounded by several tiny slits. Osteocytes can extend their 
pseudopods to connect with the central canal to obtain nutrients and 
carry away metabolic. Cortical bone porosity is usually less than 5% and 
the pH valve is closed to 7.1 [96]. 

Bone defects and fractures are the main orthopedic disorders at the 
diaphysis. The development of biomaterials needs to target the key cells 
or structures of the diaphysis to promote fracture repair and bone tissue 
regeneration [97]. Biomaterials targeting cells in the bone marrow 
cavity can promote bone regeneration. 

Fig. 5. Application of metaphysis-targeted hydrogels for osteoporosis and osteoporotic fracture. (A) Injectable PEG-based hydrogel loaded with alendronate for 
osteoporosis therapy [90]. Reproduced with permission. Copyright, 2020 Royal Society of Chemistry. (B) Alendronate-loaded graphene oxide functionalized collagen 
sponge for osteoporosis therapy [92]. Reproduced with permission. Copyright, 2020 Elsevier. (C) Bone-targeted microfluidic hydrogel microspheres promoted 
cancellous bone regeneration by capturing magnesium ions [79]. Reproduced with permission. Copyright, 2021 American Chemical Society. 
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Fig. 6. Strategies for diaphysis-targeted hydrogels. (A) Schematic of the three-dimensional structure of FMSs, fullerol, and gelatin methacryloyl (GelMA). Repro-
duced with permission [100]. Copyright 2020, Elsevier. (B) The fabrication of hydrogel Gel/TG/TA-MPs-His6-T4L-BMP2 (Hydrogel/MPs-His6-T4L-BMP2) [110]. 
Reproduced with permission, Copyright 2021, Elsevier. 
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4.2. Strategies for hydrogels targeted to the diaphysis 

Bone defects caused by fracture and infections in the diaphysis are 
significant challenges in the clinic. During indirect bone healing, 
endochondral ossification is the primary process underlying bone repair. 
BMSCs, hypertrophic chondrocytes, vascular endothelial cells, osteo-
blasts, and osteoclasts are all involved in this biological process. Tar-
geting bone matrix or important cells in endochondral ossification may 
be a prospective method. 

4.2.1. Microgel-based hydrogels targeted to the diaphysis 
The bone repair process involves local inflammation, vasculariza-

tion, cartilage matrix formation, and ultimately, bone formation [98]. 
Microgel, which is made up of loaded particles, cells, drugs, and growth 
factors, will pave the way for a bone regeneration strategy [99–101]. 
According to a study from Yang, highly dispersed fullerol nanocrystals 
were incorporated into hydrogel microspheres to construct 
fullerol-hydrogel microfluidic spheres (FMSs) by microfluidic technol-
ogy. Injection of FMSs in situ regulated the redox homeostasis of stem 
cells and promoted bone healing (Fig. 6A) [100]. Cell-based microgels to 
achieve in-situ targeted mineralization are being investigated for bone 
repair [102]. BMSC-entrapped fibrin hydrogel particles have been 
shown to exhibit enhanced osteogenesis and improved survival of BMSC 
when compared to BMSCs alone [103]. Moreover, targeted hydrogel 
treatment strategies are highly suitable for bone repair. 

4.2.2. Smart drug depot hydrogels targeted to the diaphysis 
Targeted moieties such as cells, genes, peptides, and sEVs loaded into 

hydrogel-based smart drug depots play a vital role in long-term bone 
regeneration. Choi manufactured a photo-crosslinked chitosan hydrogel 
encapsulating BMSCs, and a CaP nanoparticles coated with Gln-OChi 
(CaP/Gln-OChi) loaded with siRNA targeting noggin [104]. Noggin is 
a bone morphogenetic protein antagonist. This hydrogel depot induced 
the osteogenic differentiation of BMSCs through inhibiting noggin. 
Apart from these active targeted moieties. An amphipathic cell pene-
trating peptide can be coated on the surface of nanoparticles to improve 
passive targeting via enhanced BMSC uptake [105]. In another study, 
Sathy designed an alginate-based hydrogel depot including RALA (an 
amphipathic cell penetrating peptide) complexed with α-TCP nano-
particles. This system could accelerate mineralization by upregulating 
osteogenic genes [106]. 

Recently, several hydrogels have been used to carry targeted RNA to 
facilitate bone regeneration. Extracellular vesicles (sEVs) encapsulated 
into alginate hydrogel could improve bone regeneration by releasing 
osteogenic microRNAs [107,108]. Li constructed an injectable heparin 
lithium hydrogel (Li-hep-gel) loaded with a tetrahedral DNA nano-
structure (TDNs) and miR335-5p. Li-hep-gel could regulate the osteo-
genic differentiation of BMSCs and promote new bone formation by 
inhibiting DKK1 [109]. BMP-2 can bind to receptors on BMSCs and 
induce the osteogenic differentiation of BMSCs. A specific delivery sys-
tem was designed by Chen [110]. They used polyhistidine-tagged-T4 
lysozyme (His6-T4L) and genetically fused the N-terminal of BMP-2 as 
a protein spacer. The nickel-chelated nitrilotriacetic acid (Ni-NTA) 
particles could mediate a site-specific covalent between His6-T4L and 
BMP-2 (MPS-His6-T4L-BMP2). A new gelatin-based hydrogel was con-
structed by cross-linking transglutaminase (TG) and tannic acid (TA) as 
a carrier of MPS-His6-T4L-BMP2. This hydrogel provides effective and 
long-term controlled release of His6-T4L-BMP2, enhancing bone 
regeneration in severe bone defects (Fig. 6B). In addition, different types 
of synthetic hydrogel, such as PEG and PAMAM, have been designed for 
bone tissue engineering; this is due to their variable biophysical and 
biochemical properties and their good binding affinity to bone [111, 
112]. 

4.3. Targeted hydrogels for bone regeneration 

Bone defects refer to the extensive destruction of bone structure. 
These defects are difficult to heal due to the defect size and a lack of bone 
regeneration capacity. Tumors, trauma, and infection may all lead to 
bone defects and are difficult to treat [113]. Autografts and allografts 
are widely used for bone defects in the clinic. However, several limita-
tions restrict the application of bone grafts, including tissue source, 
donor site bone defect, immune reaction, and infection. 

Bone tissue engineering using hydrogels brings new methods for 
bone regeneration and overcomes the disadvantages of bone grafting. 
Due to their excellent biocompatibility, flexibility, designability, and 
multifunctionality, hydrogels have been widely used for bone tissue 
engineering [114]. The osteogenic differentiation ability of stem cells 
influences the rate of bone regeneration. To accelerate the repair of bone 
defects, cytokines and drugs that can promote osteogenic differentiation 
are used. ALN is widely used to treat bone defects to accelerate bone 
repair via osteoclast inhibition. ALN-loaded microspheres were incor-
porated into a chitosan-based hydrogel that could enhance bone 
regeneration [115]. This pre-gel mixture could self-assemble and embed 
additional BMP-2. This hydrogel could release ALN and BMP-2 for two 
weeks and enhance osteogenesis in vitro and in vivo (Fig. 7A). 

EVs-hydrogel systems are also promising biomaterials with bone- 
targeted capability for bone tissue engineering. A composite hydrogel 
consisting of thiol-modified hyaluronan, hydroxyapatite and thiol- 
modified heparin was loaded with EVs derived from neural EGFL-Like 
1 modified mesenchymal stem cells [116]. EVs in this hydrogel depot 
improved the protein levels of osteogenic markers and enhanced 
osteogenesis by targeting the Smad2 via SMAD/ERK pathways. As 
determined by fluorescence images, EVs-hydrogel system could release 
EVs for a long time after implantation in rat bone defect (Fig. 7B). sEVs 
released from patients with traumatic brain injury could also target 
osteoprogenitors to accelerate bone formation by promoting the activity 
of fibronectin [108]. A methacrylated glycol chitosan hydrogel carrying 
miR-328a-3p loaded into sEVs could target osteoprogenitors and effi-
ciently increase bone repair both in vitro and in vivo (Fig. 7C). 

5. Conclusion and outlook 

Two main strategies have been developed to build bone-targeted 
hydrogels: (1) Construct movable microgel to achieve bone tissue tar-
geted function via cross-linked targeted molecules. (2) Construct 
hydrogels as drug depots that can encapsulate bone-targeted agents or 
drugs and release them gradually in situ. To improve therapeutic efficacy 
and increase utilization, microgel-based hydrogels may be delivered to 
injury sites or lesions via passive or active targeting [117]. In passive 
targeting, the size and charge of particles can be controlled to interact 
with the targeted site. In active targeting, hydrogels can be modified 
with special molecules or cells on the surface. For hydrogel as a depot for 
targeted drugs, loaded drugs can be slowly released and bound to key 
pathological molecules [34]. 

Those two strategies have advantages and disadvantages. Microgel- 
based hydrogels has smaller size and high mobility, which make 
microgel-based hydrogels have several following merits. (1) Due to the 
micro-nano size and deformability of microgel, microgels can permeate 
compact tissue like cartilage. (2) Microgels can diffuse and target a 
larger area due to high flowability. (3) Due to the heterogeneity of 
microgels, multiple bone-targeted hydrogels can be fabricated. In 
contrast, the small size of microgel-based hydrogel lead to unsatisfied 
mechanical properties. Rapid degradation of microgel is an advantage in 
other system diseases, but not in bone diseases. Besides, microgels have 
a high cost because of microfluidic technology is expensive. Microgel- 
base bone-targeted is suitable for targeting diseases which need accu-
rate and multiple drug delivery. 

Smart depot hydrogels are a kind of injectable bulk hydrogel with 
targeted drugs. The main advantages of smart depot hydrogel are low 
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cost, high and adjustable mechanical properties, good biocompatibility, 
and appropriate degradation speed. The disadvantages of the smart 
depot are similar to those of bulk hydrogel. Smart depot hydrogels are 
unmovable and can not diffuse. Smart depot hydrogel could provide 
mechanical support and long-term release in the bone regeneration 
process. Therefore, smart depot hydrogels are for bone regeneration of 
fracture and bone defect. 

Natural, synthetic, and hybrid hydrogels are widely used as the basic 
components of targeted materials [13,118]. Limitations created by the 
size of the hydrogel material increase the risk of vascular embolism in 
intravenous injection. Thus, the targeted hydrogels in this review were 
used in local injections. Compared with systematic injection, injection in 
situ has several advantages and disadvantages. Most bone diseases, 
including OA, fractures, and bone defects, only affect one joint or limbs. 
Local injection to injury sites could improve therapeutic efficiency and 
decrease toxic effect. Local administration is a common strategy in or-
thopedics, due to the injury sites of skeletal disorders are superficial. 
Local injections have a low risk of infection and are simple to perform 
due to the simple anatomy of bone. We cannot deny the huge advantages 

of bone-targeted materials through systematic administration in sys-
tematic bone diseases. But local injection of bone-targeted materials in 
several vulnerable sites of osteoporotic fracture may be helpful to 
decrease fracture risk. 

Hydrogel with bone-targeted ability could be useful in creating bone 
organoids. Organoids refer to self-assembling 3D cultures in vitro which 
could mimic the structure and function of organs in vivo [119]. Bone 
organoids are 3D self-renewing and self-organized micro-bone tissues 
with biomimetic spatial features that are built on bioactive materials 
and directionally differentiated from stem cells or progenitor cells 
[120]. Because of the similarity of bone ECM, hydrogel is an appropriate 
scaffold for bone organoid. Iordachescu first proposed the concept of 
bone organoid in 2017. They applied a calcium phosphate-containing 
cellulose hydrogel system to add osteoblasts to self-assemble into 
bone-like structures, reproducing multiple stages of calcium-salt depo-
sition and bone maturation, and obtaining a multistage structure and 
osteocyte network similar to natural bone [121,122]. O’connor applied 
mouse induced pluripotent stem cells (ipscs) in micro spheroidal 
hydrogel to construct osteochondral organoids [123]. In addition to 

Fig. 7. Application of diaphysis-targeted hydrogels for bone defects and fractures. (A) A microsphere-embedded hydrogel for the delivery of alendronate and BMP-2 
for bone regeneration [115]. Reproduced with permission Copyright, 2021 Royal Society of Chemistry. (B) A hydrogel-loaded EV system derived from Nell1-modified 
BMSCs led to improved bone repair [116]. Reproduced with permission Copyright, 2020 Elsevier. (C) A hydrogel carrying traumatic brain injury sEVs targeted 
osteoprogenitors and enhanced bone formation [108]. Reproduced with permission Copyright, 2021 Nature Publishing Group. 
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hydrogel, trabecular particles from animals and de-mineralized bone 
were found in bone-organoid [120]. 

The keys to bone organoid construction is to use various engineering 
means to reduce bone formation and bone resorption processes in vivo 
and achieve precise cell differentiation regulation on appropriate matrix 
scaffold materials [120]. There are currently no reports of bone-targeted 
hydrogel being used to create bone organoids. We still believe that 
bone-targeted hydrogel could be a cell trap to recruit and tie different 
stem cells or progenitor cells to the scaffold to form bone organoids. Our 
team has carried out related experiments to build a hydrogel with a 
bone-target molecule to create a bone organoid. Applying bone orga-
noids to build highly simulated disease models facilitates material and 
drug screening and enables high-throughput efficacy evaluation. This is 
the future development direction of bone bio-materials. 

Bone tissue has more extracellular matrix, fewer cellular compo-
nents, and poorer local perfusion. Therefore, materials with targeted 
properties are suitable for orthopedic applications. Bone-targeted 
hydrogels is a novel concept but have not been investigated in detail. 
The large size of hydrogels creates a major challenge for the develop-
ment of bone-targeting hydrogels. In contrast, micro-nano scale hydro-
gels are difficult to prepare. Therefore, fewer bone-targeted hydrogels 
are available for systemic delivery. Hydrogel microspheres with bone- 
targeted properties or hydrogels containing bone-targeted drugs are 
still promising. Hydrogels, as three-dimensional biomaterials, are 
structurally similar to the extracellular matrix. Research and develop-
ment of hydrogel microspheres, or the development of new hydrogel 
drug libraries will be critical in the future. 

In this paper, we describe the main application scenarios of bone- 
targeted hydrogels, beginning with the anatomy and structure of each 
component of the long bone. The specific microstructure and cellular 
microenvironment of different parts of long bones provide many targets 
for bone-targeted hydrogels, including the major components of the 
extracellular matrix and some cellular marker proteins. Current strate-
gies for the preparation of bone-targeting hydrogels include micron- 
level hydrogel microspheres with targeting properties and hydrogel 
drug libraries containing bone-targeting drugs. Although there are few 
studies on bone-targeted hydrogels, we have also summarized the use of 
bone-targeted hydrogels in joint-related diseases, long bone metaphysis- 
related diseases and long bone diaphysis-related diseases. Because the 
local blood circulation of bone tissue is slightly weaker than in other 
tissues, the development of bone-targeted materials is of significant 
importance for orthopedic diseases. We hope that the summary of bone 
targeted hydrogels in this paper can provide a reference for future 
research in this field. 
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