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a b s t r a c t

Bone self-healing is limited and generally requires external intervention to augment bone repair and

regeneration. While traditional methods for repairing bone defects such as autografts, allografts, and

xenografts have been widely used, they all have corresponding disadvantages, thus limiting their clinical

use. Despite the development of a variety of biomaterials, including metal implants, calcium phosphate

cements (CPC), hydroxyapatite, etc., the desired therapeutic effect is not fully achieved. Currently,

polymeric scaffolds, particularly hydrogels, are of interest and their unique configurations and tunable

physicochemical properties have been extensively studied. This review will focus on the applications of

various cutting-edge bioactive hydrogels systems in bone regeneration, as well as their advantages and

limitations. We will examine the composition and defects of the bone, discuss the current biomaterials

for bone regeneration, and classify recently developed polymeric materials for hydrogel synthesis. We

will also elaborate on the properties of desirable hydrogels as well as the fabrication techniques and

different delivery strategies. Finally, the existing challenges, considerations, and the future prospective of

hydrogels in bone regeneration will be outlined.

© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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1. Introduction

In recent years, themedical cost of treating bone related trauma,

infection, and tumor has continuously increased [1]. According to

relative statistics, the market of European bone graft substitutes

was $177 million in 2010, and the global market value of ortho-

pedics biomaterials was $1.9 billion in the same year [2]. It is

forecasted to reach $3.3 billion in 2017, presenting a huge expen-

diture to the national economy. Bone development is a dynamic

process [3]. Various cytokines and growth factors recruit osteo-

progenitors to the injury site, and subsequently guide them to

differentiate into osteoblasts [4]. However, in the case of severe

injuries or individuals with congenital malformation, osteogenesis

imperfecta, rheumatoid arthritis, or osteoporosis, the lengthy and

limited self-healing process cannot adequately satisfy the re-

quirements of timely bone repair [5e7]. Thus, bone augmentation

needs to be considered [8]. Current clinical treatments for bone

injuries such as autografts, allografts, and xenografts failed to be

used extensively due to potential risks of disease transmission,

infection, and host rejection [9]. Bone tissue engineering (BTE), a

novel approach using scaffolds seeding cells or incorporating

bioactive growth factors to promote bone repair and regeneration,

is believed to be able to avoid the aforementioned issues and

provide an innovative platform in regenerative medicine [10]. The

scaffolds used in bone tissue engineering aim at providing struc-

tural support, creating an appropriate environment for cell adhe-

sion, migration, proliferation and differentiation, and recapitulating

the functional activity of the bone defects [3].

Materials employed for scaffolds can be divided into inorganic

materials, natural or synthetic polymers, and composite materials

[11]. Numerous studies concerning inorganic materials used in

bone repair have emerged. Ceramics are a kind of inorganic
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material that demonstrate good mechanical properties and osteo-

conductiveness, and have been successfully used in alveolar bone

repair. In the past decades, polymer scaffolds have been widely

investigated in bone tissue engineering. Commonly used natural

materials, such as collagen and chitosan, are considered to be

biodegradable and bio-absorbable, and synthetic polymers like

poly (lactic acid) (PLA) and poly (D, L-lactide-co-glycolide) (PLGA)

are thought to have tunable mechanical properties; however, the

structure and characteristics of cells and native tissues are rarely

considered in the design of polymeric scaffolds. Therefore, the

scaffolds usually demonstrate poor integration with surrounding

bone tissues [12]. New materials and solutions are continually

developed to meet medical needs [13]. Recently, the interaction

between scaffolds and native tissues, particularly the indispensable

role of the natural extracellular matrix (ECM) in bone repair, has

been extensively investigated. Due to their added advantages of

biocompatibility and biodegradability over inorganic materials,

polymer materials and composites have shown to integrate well

with surrounding bone tissue, allowing a stabilized anchorage of

implants and preventing an immune response.

Hydrogels, a type of polymer scaffold, have several potential

advantages in bone repair. Hydrogels are composed of three-

dimensional hydrophilic polymer chains, which have superior

mechanical strength and can provide nutrient environments suit-

able for endogenous cell growth. They are able tomimic the natural

ECM of the bone, thus presenting a prospective ability to encap-

sulate bioactive molecules or cells. Due to the network structure of

the hydrogels, the entrapped proteins or cells are confined in the

meshes and they hydrogels can control the release of the materials

as required [13]. Moreover, hydrogels are absorbable and demon-

strate excellent integration with surrounding tissues, thereby

avoiding the complexity of surgical removal and reducing the

possibility of an inflammatory response [14]. Additionally, raw

materials for preparation of hydrogels are extensive and readily

available, and they can be tailored to obtain the desired geometry

for implantation or injection, and the degradation rate and porosity

or release profile can be easily controlled by altering the cross-

linking method and degree.

Nevertheless, challenges concerning the controlled release of

encapsulated drugs, proteins or cells still need to be further

investigated. Both the burst and delayed release of the drug can

affect the actual therapeutic effect, and the use of inappropriate

polymers can also cause toxic reactions.

This review will broaden our understanding of the design,

development, and challenges of hydrogel-based bone regeneration.

We will first briefly introduce the structure and composition of the

bone, and then discuss the types of the bone defects and current

available clinical treatments. As Fig. 1 illustrates, we will elaborate

on the application of polymers and the revolutionary bioactive

hydrogels developed for bone repair and regeneration by identi-

fying the requirements of successful formulations and reporting the

innovative modifications that overcome the fundamental chal-

lenges associated with hydrogels. The benefits and potential com-

plications of delivery strategies in treating bone defects will be

detailed and explored. Finally, the limitations of current de-

velopments and future directions for the development of hydrogel-

based bone regeneration will be discussed.

2. Bone anatomy and current bone injury treatments

2.1. Composition and defects of bone tissues

Bone is a hard and dense tissue mainly composed of two parts,

cortical bone and cancellous, or trabecular bone [15]. The ECM of

the bone is a biphasic system, one third of which is composed of

organic matter, predominantly type I collagen fibers, and the

remaining two thirds consist of inorganic matter or bone salt, such

as hydroxyapatite-like calcium phosphates. Three cell types e os-

teoblasts, osteocytes and osteoclasts e work in concordance to

form a unified bone organism. Osteoblasts are the main functional

Fig. 1. Schematic illustration of hydrogel-assisted bone regeneration.
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cells of bone formation and are responsible for the synthesis,

secretion, and mineralization of bone matrix. They stem from

mesenchymal stem cells (MSCs), or progenitor cells, from the

adherent portion of bone marrow and cover the surface of bone

seams, forming a protein-like mixture called osteoid, which mainly

consists of polymerized collagen chains, and is later mineralized

into bone, mediated by the deposition of calcium and phosphate.

Additionally, osteoblasts also produce the corresponding hormones

that promote surrounding bone formation. Osteocytes are inactive

post-synthetic osteoblasts that migrated to the ECMmatrix of bone.

They connect with osteoblasts and other cells and play an impor-

tant role in mineral homeostasis. The third type of cells, osteoclasts,

are derived from hematopoietic stem cells in the non-adherent

portion of marrow and are primarily responsible for bone resorp-

tion via secreting various matters. The coordinated interactions

between osteoblasts and osteoclasts maintain the normal bone

mass and aid in the final bone remodeling [16].

The majority of bone damage, defects, and injuries can be

classified into the following categories: fractures, old age, infection,

cancer, and hereditary diseases. Bone fractures are considered a

major cause of bone injuries and can occur in different parts of the

human body, including the skull, spinal, nasal, femur, radius, tibia,

and ankle, and are mainly caused by traumatic processes. Bone loss

and osteoporosis resulting from ageing are also considered sources

of bone damage, and can usually increase the risk of bone fractures

as well [17]. Infections such as osteomyelitis are often manifested

by pain, redness and fever in specific area, and if not properly

treated, may lead to irreversible trauma, such as amputation

[18e20]. Additionally, tumors can induce significant bone remod-

eling, fractures, and anemia, and can even threaten human life

under severe circumstances [21]. While surgery is commonly used

in bone cancer treatment, it often leads to the generation of defects

in the treatment site. Hereditary diseases such as hereditary mul-

tiple exostoses (HME) and hereditary bone marrow failure syn-

dromes can also elicit bone injuries, and usually require surgical

resection or stem cell transplantation [22,23].

All of the conditions mentioned above can produce bone defects

to an extent, but once the defect exceeds the critical size of bone

self-healing ability, extraneous intervention is required to promote

bone regeneration and to restore normal bone function. Each of

these categories of defects needs to be addressed and deeply

investigated so as to develop new technologies to effectively treat

bone damage.

2.2. Current treatments for bone regeneration

Successfully treating bone fractures requires that the displaced

bone be adjusted and fixed to the normal state usually withmetallic

scaffolds to facilitate correct bone healing. The integration between

materials and the natural tissue greatly influences bone regenera-

tion. Materials possessing superiority in biocompatibility and

biodegradability can stably anchor damaged bone and promote

bone tissue growth, while avoiding an inadvertent immune

response. Conventionally, metal implants such as bone nails

possess good mechanical strength in treating defects in weight-

bearing bones, including femur, tibia and spine [4]. However,

metallic scaffolds are bioinert and cannot fully integrate with sur-

rounding tissues. Bioactive and osteoconductive biomaterials such

as calcium phosphate (CaP), a main constitute of bone tissues, were

later developed to accelerate the bone healing process. For

example, metal implants coated with CaP have been found to not

only fix the displaced bone, but also allow integration with nearby

tissue [24]. Considering its biodegradability, protein-binding af-

finity and osteoconductivity, a CaP bone graft substitute is thought

to be an ideal alternative for bone treatments, and there have been

several attempts in CPC grafts [7,25]. However, its biological per-

formance is restricted and can only be applied to non-weight

bearing defects, due to limited mechanical strength, poor water-

soluble resistance, and uncertain degradation rate and curing

time. Hydroxyapatite shows good biocompatibility and can firmly

combine with the natural bone. However, its low mechanical

strength, poor toughness, and difficulty in controlling pore size and

porosity limit its success in bone regeneration.

Table 1 illustrates the types of available materials for bone

regeneration, the applications, and merits of each treatment.

Although many materials have been explored to replace injured

bones and promote bone regeneration, including metal implants,

calcium phosphate cements, hydroxyapatite, each one has yet to

achieve optimal mechanical and biological performance. Hydro-

gels, a type of polymer scaffold, have attracted interest in several

biomedical fields, including bone repair. We will discuss various

promising nontraditional hydrogel matrices that have

Table 1

Commercially available materials for bone regeneration.

Material Name Application Merit Reference

Autograft AICBG Spine fusion Gold standard [26,27]

Allograft or demineralized bone matrix

(DBM)

Grafton,

DBX®,

AlloMatrix

Spine fusion, craniofacial

bone injury

Osteoinductive,

osteoconductive,

osteoinductive

[27e29]

BMP and rhBMP BMP-2, BMP-

7;

rhBMP-2,

OP-1

Open tibial fractures and tibial

nonunions

Osteoinduction [26,28]

Metallic implant Actipore™ Intervertebral fusion Biocompatible, porous, shape-memory, super-elastic [30]

Ceramic Norian® SRS®

Calceon® 6

Osteoset®

Cranialfacial bone defect Osteoconductive, osteointegrative, biodegradable,

nonimmunogenic, porous

[26,31,32]

Bioactive glass BonAlive Osteomyelitis Anti-infective carrier [33]

Glass-ceramic Biosilicate® Femoral

condyle bone defect

Osteogenic [34]

Natural polymers Healos® Spinal fusion Flexible, biocompatible and biodegradable; [35,36]

Synthetic polymers Cortoss®

OPLA®

BoneTec®

Spine fusion, loading-bearing sites Mechanical strength, controlled degradation [35,37,38]

Composites Collagraft®,

Collapat®,

Vitoss®

Femoral or cancellous,

bone defects

Biocompatible, tunable physiochemical properties [35,39,40]
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demonstrated excellent bone formation in different animal defect

models and elaborate on their advantages, challenges, and scopes

in bone regeneration.

3. Hydrogel-based bone regeneration

In order to promote better bone regeneration, hydrogel-based

cell delivery and drug delivery have emerged as potential solu-

tions in tissue engineering and regenerative medicine. They can

provide natural hydrophilic three-dimensional environment

conducive to cell survival and support new bone growth. Addi-

tionally, hydrogels can be tailored to obtain the desired geometry

for implantation or injection, and the degradation rate and porosity

or release profile can be easily controlled by altering the cross-

linking method and degree.

3.1. Requirements for hydrogels used for bone regeneration

Ideally, optimized hydrogel formulations for bone regeneration

need to meet the following requirements: 1) noncytotoxic and

nonimmunogenic to avoid causing imflammatory response; 2)

osteoinductive, osteoconductive, osteogenic, as well as osteocom-

patible for enhanced bone regeneration; 3) mimic the natural ECM

to the greatest degree to facilitate cell adhesion, propagation, and

ultimately osteogenic differentiation at implant site; 4) degradable

by endogenous enzymes or hydrolysis, synchronizing with new

bone ingrowth to make enough space for new bone formation; 5)

structural stability and mechanical strength that can be used in

treating load-bearing defects and prevent denaturation during

sterilization; 6) appropriate pore size and interconnected porosity

that can be optimized via altering the concentration and variety of

polymers and crosslinkers to enhance cell interaction, control the

release of encapsulated bioactive factors, and allow the exchange of

nutrients, oxygen, and metabolic waste within the hydrogels; and

7) injectable capability with patient compliance to reduce the pain

and simplify the administration process [40].

3.2. Classification of hydrogels employed in bone regeneration

In general, hydrogels can be classified by their sources, prepa-

ration methods, crosslinking properties, delivery method, degrad-

ability, and so on [41]. In this review, we will focus on several

natural and synthetic hydrogels systems that have attracted inter-

est in the scientific world.

3.2.1. Natural materials

Hydrogels can be synthesized from natural materials, including

natural proteins (fibrin, fibroin, collagen and gelatin) and poly-

saccharides (chitosan, hyaluronan and alginate). The natural poly-

mers are either components of, or are similar to the natural ECM,

have good biocompatibility, low immune response and cytotoxicity,

and can promote cell adhesion, proliferation and new tissue

regeneration [42]. The structure of natural polymers is similar to

the ECM, thereby providing mechanical stability and structural

integrity to bone tissues and preventing inflammatory or immune

responses. They can be absorbed through metabolic degradation or

enzyme-controlled degradation. Lindsey et al. filled collagen gel

into the bone defect in the dorsal nasal bone of the rats [43]. After

six weeks, there was a thin bone layer on the surface of the defect,

while the healing area of the rats without collagen gel filling was

less than 7%, indicating that collagen gel has a positive effect on the

repair of the nasal cavity defect. Patterson et al. delivered bone

morphogenetic protein (BMP)-2 loaded hyaluronic acid (HA) gel to

the cranial defect site of rats, and 75e100% of the BMPwas released

within the first 24 h [44]. HA gel BMP combination promoted

higher bone formation in the defected area of rats than the treat-

ment without HA gel. Several desirable mechanical properties of

the material are necessary for the implant in the clinical operation;

however, hydrogels made of natural polymers are usually associ-

atedwith poormechanical strength and only can be applied to non-

weight-bearing sites. Physical or chemical methods (functional,

crosslinking and/or copolymerization) to improve the internal

specific functional groups, hydrogen bonding, and electrostatic

interaction of the natural materials, can increase the materials'

Fig. 2. Method and mechanism to obtain the strong and toughened dual network (DN) hydrogel. (A) The acid SBC was injected into the aqueous solution by using the pipette to

form the superstructure. (B) The collagen is quickly injected into the Na2HPO4 solution, and the injection shear creates aligned fibrils (blue). (C) Some twisted collagen molecules

produce concentrically oriented fibrils (pink) by fibrillogenesis induced syneresis process. (D) The anisotropic SBC gel was immersed in N, N0- two methacrylamide (DMAAm)

solution, and DMAAm was polymerized to obtain collagen based anisotropic DN hydrogel (SBC/PDMAAm). Copyright, Ref. [46], 2017, Elsevier.
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bioactivity, strength and toughness, thereby expanding the scope of

their clinical use [45]. Mredha et al. successfully developed a strong

and toughened dual network (DN) hydrogel, in which physically/

chemically crosslinked anisotropic swimming bladder collagen

(SBC) fibril is the first network, and neutral, biocompatible poly (N,

N0- two methacrylamide) (PDMAAm) is the second network [46]

(Fig. 2). In vivo experiments show that the new DN hydrogel

improved the stability of the gel and the strength of the binding to

the bone. Kim et al. designed a bionic system for local delivery of

drugs made from hyaluronic acid (HA) and vinyl phosphonic acid

(VPAc) cross-linked biomineralized hydrogels [47]. By regulating

the crosslinking density, mineralization degree, and ionic strength,

the system could control thewater content, degradation rate, speed

of drug release, and could successfully deliver the protein drugs

that would promote bone repair and regeneration.

3.2.2. Synthetic materials

Hydrogels used in bone repair and regeneration can be made of

biodegradable polymer materials, such as polyethylene glycol

(PEG), polyvinyl alcohol (PVA), polyacrylamide (PAM), Sanya

methyl carbonate, poly (lactic acid) and its copolymers and so on

[48]. Unlike natural materials, synthetic polymers have basic

structural units, so the properties of polymers (such as porosity,

degradation time, and mechanical properties) can be adjusted for

specific applications. The synthetic polymers have reliable material

sources and long shelf lives, so they can be produced in large

quantities without the risk of immunogenicity [49]. Hydrogels

made from synthetic polymers are promising carriers for delivering

active proteins, growth factors and drugs to bone tissue. Lee et al.

used new hydrogels composed of poly(aldehyde guluronate) (PAG)

and adipic acid dihydrazide instead of alginate hydrogels as cell

carriers to implant primary rat cranial osteoblasts into the back

bone defect in mice [50]. Nine weeks later, mineralized bone tissue

formed at the defect. Synthetic polymers have extensive mechan-

ical stiffness and controllable degradation rate. It is reported that

the pendant cyclic ester modification of PCL can modulate the slow

drug release. The degradation of amphiphilic PCL-PEG-PCL hydro-

gel resulted from the strong hydrophobicity and crystallinity of PCL

segments [51]. The composition of synthetic copolymers has an

effect on the structure and properties of the gels. In the preparation

of poly (vinylphosphonic acid-co-acrylic acid) (PVPA-co-AA) used

as a bone graft substitute, Dey et al. found that increasing PVPA

content generated hydrogels with great swelling capacities, high

porosities, and adjustable mechanical and cell adhesion properties

[52] (Fig. 3). Although synthetic materials have the above advan-

tages, their success is limited by their own inherently poor bio-

logical activity, acid by-products, and other shortcomings.

Therefore, synthetic materials can be conjugated with biological

and chemical entities to improve the comprehensive properties of

hydrogels [53]. Thoma et al. divided PEG hydrogels into six groups,

according to the density of the gel (physical modification) and the

effect of polyethylene glycol (PEG) hydrogels modified with the

sequence of RGD (chemical modification). Each group was

implanted onto six loci of rabbit skull. After six weeks of observa-

tion, they found that chemical and/or physical modification had a

significant effect on PEG hydrogel matrix stability, degradation

time, and integration into the surrounding soft tissues and hard

tissue [54].

4. Various hydrogel structure used in bone regeneration

Hydrogel-based bone repair is contingent on a designing a

viable hydrogel formulation that will encapsulate and deliver

proteins and bioactive substances. A wide variety of hydrogel

configurations can be synthesized via different fabrication

techniques. In order to expand the application of hydrogels in the

field of bone regeneration, continuous improvement of preparation

methods to develop suitable hydrogel formulations for repairing

bone defects is imperative. Understanding the complex process of

hydrogel synthesis and modifying the matrix to enhance the

biocompatibility and osteoconductive, osteoinductive, and osteo-

genic capabilities of the hydrogel will accelerate the creation of

successful configurations. We will elaborate on the design, devel-

opment, advantages, and limitations of three hydrogel structures:

microbeads, nanogels, and hydrogel fibers.

4.1. Hydrogel microbeads

Polymer hydrogels are used for bone regeneration in the form of

microbeads, which can be prepared via microfluidics, emulsifica-

tion, electrostatic droplet extrusion, coaxial air jetting and in-situ

polymerization. However, traditional methods do not yield uni-

form small-sized microbeads. In recent years, researchers have

developed a non-equilibrium microfluidic technique for the prep-

aration of smaller-size hydrogel beads (size less than 100 mm).

Polymer materials are injected into nonequilibrium W/O interface

containing hydrogel molecules, in which the water molecules are

dissolved into a continuous phase, and hydrogel precursors in

water-in-oil droplets are shrunk and condensed rapidly, forming

microbeads smaller than the those formed under the conventional

method [55] (Fig. 4). In addition, by adjusting the degree of droplet

contraction and the concentration of crosslinking agent, the shape

of hydrogel microbeads can be controlled to form non-spherical

microbeads. The smaller-sized microbeads have more advantages

in achieving high-resolution cell assembly than ordinary sized

microbeads.

Due to the significant increase in surface volume ratio compared

to the conventional hydrogel, the smaller-sized hydrogel

microbeads possess enhanced mass transfer capacity, which is

beneficial for the delivery of drugs and stem cells to bone defect

sites [56]. Moshaverinia et al. developed an injectable alginate

hydrogel microbead to encapsulate dental-derived MSCs, including

gingival mesenchymal stem cells (GMSCs) and periodontal liga-

ment stem cells (PDLSCs) [57]. The alginate and stem cell mixture

was squeezed into a solution of calcium chloride with syringe for

ionic crosslinking. Micro-CT analysis showed that the cells

remained viable post-implantation and ectopic mineralization was

observed both inside and around the microbeads due to efficient

nutrient and oxygen transport. However since the in vivo non-

enzymatic degradation of alginate microbeads is very lengthy,

Leslie and co-workers [58] envisaged incorporating alginate lyase

into microbeads to regulate the degradation of alginate. The

microbeads were produced using high electrostatic potential

without altering the osteogenic differentiation potential of the

encapsulated rat adipose derived stem cells (ASCs). Higher levels of

osteocalcin expression were observed when compared to

microbeads that did not incorporate ASCs or were not exposed to

alginate lyase.

Since alginate lacks cell adhesion and osteogenic differentiation,

Wang et al. used chitosan and collagen to develop adult bone

marrow stem cells loaded and size-adjustable hydrogel microbeads

via double crosslinking mechanisms, which exhibited elevated

expression of transcription factor osterix and osteocalcin and sig-

nificant deposition of boneminerals within the osteogenic medium

[59]. Another interesting investigation accomplished by Wise and

his colleagues utilized water-in-oil emulsion method to develop

collagen-chitosan hydrogel microbeads to encapsulate MSCs and

BMMCs, which demonstrated a synergistic effect in promoting

mineral deposition and significantly enhancing ectopic bone

regeneration [60]. The results showed that microbeads containing

X. Bai et al. / Bioactive Materials 3 (2018) 401e417 405



Fig. 3. The effect of poly (vinylphosphonic acid-co-acrylic acid) hydrogels on osteoblast adhesion and proliferation. (A) The Live/Dead human osteoblasts on PVPA-co-AA

hydrogels. Live cells stained green, dead cells stained red. (B) The effect of VPA content in PVPA-co-AA hydrogel on the proliferation and metabolic activity of osteoblasts, over

14 days. Copyright, Ref. [52], 2017, Society for Biomaterials.

X. Bai et al. / Bioactive Materials 3 (2018) 401e417406



both MSCs and BMMCs in osteogenic medium (group F þ C_O) had

remarkable bone volume; however, the tissue mineral density

(TMD) was not significantly distinguished, except for the group

containing only cultured MSCs and placed in the growth medium

(group C_G), in which case the TMD of which was almost zero, as

shown in Fig. 5. Microbeads have demonstrated great potential in

encapsulating live stem cells and drugs due to their cross-linking

mechanisms; however, further investigation must be conducted

to develop biocompatible, osteoconductive, osteoinductive, and

osteogenic hydrogel microbead formulations.

4.2. Hydrogel nanoparticles

Hydrogel nanoparticles (nanogels) are a group of spherical

nanoparticles formed by physically or chemically cross-linking

polymer three-dimensional networks that can swell in water.

Nanogels are usually synthesized through an emulsion polymeri-

zation, such as inverse emulsion polymerization method and

distillation-precipitation polymerization, which copolymerizes a

rapidly stirred solution at high temperature to obtain stable dis-

persions [61]. Nanogels have a series of hydrogel characteristics,

such as good biocompatibility and mechanical properties, and have

a great advantage in the application of bone regeneration. In terms

of surface, size, and other aspects, nanogels have the properties of

nanoparticles. They are promising responsive carriers for drug de-

livery due to their uniformity, tunable size, ease in designing and

preparation, large surface area of multivalent biological conjugate,

high drug loading capacity, and good encapsulation stability. Under

mild preparation conditions, nanogels can also deliver proteins

without denaturation through the original encapsulation method

[62]. A previous study has reported that hydrogel nanoparticles

composed of hydrophobized cholesterol-bearing pullulan (CHP)

can be used to deliver a variety of hydrophobic proteins and en-

zymes [63]. Acrylate groupemodified CHP nanogels delivered re-

combinant human fibroblast growth factor 18 (FGF-18) and

recombinant human BMP-2 to bone defects and effectively acti-

vated bone cells to regenerate bone through combination therapy

[64] (Fig. 6). This shows that the nanogels can successfully deliver

two different proteins and effectively induce bone repair. Miyahara

et al., respectively, used collagen membrane, cholesterol-bearing

pullulan (CHP) nanogel membrane and an untreated membrane

in healing parietal bone defect of adult Wistar rats. Four weeks

later, they observed that the new bone formation of the rat in

nanogel group was significantly higher than the other two groups.

More interestingly, the newly formed bone in the nanogel group

and the original bone could not be histologically distinguished [65].

However, due to the difficulty in controlling the crosslinking point

during gel formation, the nanostructure will be non-homogeneous,

and the drugs in the nanogels will be released rapidly [66].

Therefore, it is necessary to design a nanoscale structure (bond

type, mesh size, crosslinking density, etc.) that will effectively

control drug release. Young and his colleagues used the PEG

nanogels prepared by inverse microemulsion polymerization

(IPMP) as the carrier of a pro-angiogenic peptide, QK. The cross-

linking density of the nanogels was controlled by changing the

mole fraction of the crosslinker to adjust the release kinetics of QK

peptide [67]. Seo et al. developed compact nanogels with diameters

less than 200 nm, gelling immediately after in situ injection [68]

(Fig. 7). Nanogels composed of hydrophobic isoleucine ethyl ester

and hydrophilic polyethylene glycol were found to control the

Fig. 4. Schematic diagram of the synthesis of small size hydrogel beads by non-equilibriummicrofluidic technology. Ethyl acetate absorbs water of droplets containing sodium

alginate and the droplet volumes are decreased. The shrunken droplets by gelation produce extremely-small hydrogel beads. Copyright, Ref. [55], 2011, IEEE.
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release of bone BMP-2 through a hydrophobic interaction and an

ionic interaction between BMP-2 and carrier materials. While

nanogels have demonstrated success in delivering proteins and

growth factors and present great potential in effectively inducing

bone growth, designing tunable hydrogels that will provide strong

mechanical stability and sustained release is imperative in devel-

oping efficacious treatments for bone repair.

4.3. Hydrogel fibers

Hydrogel fibers consist of a fibrous structure and a diameter

ranging from several nanometers to several microns [69]. The

fabrication of a hydrogel fiber usually involves two steps: spinning

and crosslinking process. Generally spinning can be divided into

various types, including electrospinning [70], wet spinning [71],

microfluidic spinning [72], gel spinning [73], 3D printing technol-

ogy [74] and hydrodynamic spinning [75], among which electro-

spinning and microfluidic spinning are currently most widely

investigated. The operating principle of these two fabrication pro-

cesses is clearly illustrated in Fig. 8. When fibers are fabricated, they

need further crosslinking in the presence of thermal or UV expo-

sure, glutaraldehyde, or enzymes to finally form hydrogel fibers

[72].

Compared to microbeads, hydrogel fibers can be aligned axially

with the syringe, and can be injected into the defect site; addi-

tionally, they can remain at the implant site for a longer period of

time [76]. Hydrogel fibers have shown prospective application in

tissue engineering, due to their high surface to volume ratio, fast

response, and immobilization ability [77]. For example, Perez and

his colleagues co-delivered Co and BMP with well-tunable core-

shell hydrogel fiber scaffolds and successfully induced osteogenesis

and angiogenesis for synergistic bone regeneration in rat calvarium

defect, as is shown in Fig. 9 [78]. Gelatin is the partially degraded

product of collagen, and due to its naturally binding arginine-

glycine-aspartic acid (RGD) peptide, it is considered an excellent

polymer for preparing hydrogel fibers with sites for cell attachment

[75]. Hu et al. prepared cell-seeded solid or hollow hydrogel fibers

by continuously crosslinking a hydrogel precursor solution of

gelatin and hydroxybenzoic acid flowing in a multi-phase laminar

flow within a three-hole extruder using hydrogen peroxide and

horseradish peroxidase [79]. The manufacturing process ensured

cell viability and cell dispersion in the hydrogel fibers and has

shown great potential in various tissue engineering applications,

including bone regeneration.

However, hydrogel fibers also have some non-negligible draw-

backs, such as high swelling ratio and poor mechanical strength.

Several studies have been conducted to address and resolve these

problems. PVA hydrogel fibers generally have high swelling, and as

a result, burst release of encapsulated drugs is usually inevitable. In

order to alleviate decreased therapeutic effect due to sudden

release, a research team successfully extended the duration of drug

release through surface modification of hydrogel fibers. Im et al.

found that the introduction of C-F bonds onto the surface of PVA

electrospun fibers via fluorination can significantly reduce the

chance of burst release of Procion Blue and can increase the total

release time by 6.7 times [80]. In addition, due to the elongated

structure of hydrogel fibers, their mechanical properties are usually

not favorable. There have been several efforts to improve their

mechanical strength by preparing composite materials of hydrogel

fibers, like CPC-hydrogel fiber construct. Wang et al. synthesized a

cell-laden CPCehydrogel fiber composite material using wet spin-

ning technique and following mixation with CPC paste [81]. The

mechanical properties and strength of this scaffold surpassed that

of cancellous bone, with a strength of 8.5± 0.8 Mpa, and demon-

strates promise in treating a wide range of bone defects in load-

bearing bones. Progress in overcoming the inherent

Fig. 5. Cell-encapsulating microbead implants cultured in osteogenic media (O) or growth media (G). (AeF) Morphology of microbead implants cultured in vitro at day 17,

imaged by transmitted light microscopy. (GeL) Viability evaluation of microbead implants cultured in vitro at day 17 via cell staining. (M) Bone volume of microbead implants at 5

weeks. (N) Tissue mineral density (TMD) of microbead implants at 5 weeks. A¼ acellular; F¼ freshly isolated BMMC; C¼ culture-expanded MSC. Scale bar¼ 200 mm. Copyright,

Ref. [60], 2016, Taylor & Francis.
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disadvantages of hydrogel fibers, such as poor mechanical proper-

ties and rapid release, is essential to developing a hydrogel

formulation that provides controlled prolonged release of delivered

proteins and drugs.

5. Hydrogel-based growth factor and stem cell delivery

The delivery of materials for hydrogel-based bone regeneration

can be divided according to the different substances encapsulated.

It is particularly important that the hydrogel matrix maintains the

biological activity of the delivered substances to provide prolonged

effective concentrations at the treatment site at a controlled release

rate. Growth factors are naturally occurring proteins that are an

integral component in promoting bone repair and osteogenesis. A

newer technique to induce bone regeneration involves the use of

undifferentiated stem cells that will stimulate natural bone for-

mation. We will discuss the promising capabilities and the funda-

mental challenges associated with two types of delivery systems:

growth factor delivery and stem cell delivery.

5.1. Growth factor delivery

Naturally occurring bone healing is a signaling cascade process,

involving cells in the defect site secreting cytokines, growth factors,

and pro-inflammatory factors and subsequently recruiting sur-

rounding osteogenitor cells tomigrate, proliferate, and differentiate

into osteoblasts [82]. With a deeper understanding of the mecha-

nism of bone healing, scientists envisage delivering exogenetic

bioactive factors into the defect to accelerate bone repair [83]. BMP

[84], insulin-like growth factors (IGF) [85], vascular endothelial

growth factor (VEGF) [86], stromal cell-derived factor-1a (SDF-1a)

[87] and fibroblast growth factor (FGF) [88]are currently the most

widely explored in the area of bone regeneration. The variance in

structure determines their different physiological functions and

specific role in directing new bone growth [82]. Therefore, suc-

cessful bone repair requires investigators to select appropriate

factors in order to obtain desired experimental results.

Since the majority of bioactive factors are proteins, direct de-

livery may result in enzymatic degradation in the ECM. In addition,

the delivered therapeutics may spread to other sites, leading to

limited retention at the local site and undesirable adverse effects,

such as inflammatory responses or adipogenic induction [89].

Therefore, proper carriers are urgently needed to prevent factors

from deactivation. Because hydrogels absorb water, swell, and

mimic the natural ECM, they considered as an excellent platform to

provide a hydrophilic environment to maintain factors' activity

[90]. An interesting synthetic PEG hydrogel functionalized with

a2b1 integrin-specific peptide (GFOGER) was developed by Shek-

aran and co-workers to deliver BMP-2 into murine radial critical-

sized defects [91]. The results exhibited that GFOGER hydrogels

can protect encapsulated BMP-2, attract osteoprogenitor migration,

and promote mechanical bone formation (Fig. 10). Some re-

searchers also explored the impact on bone regeneration through

delivering dual factors, as mentioned before, Fujioka-Kobayashi

et al. synthesized CHPOA nanogel system containing cholesteryl

group and acryloyl group to co-deliver BMP-2 and FGF into mouse

calvarial bone defect, leading to the generation of trabecular-like

structure [64].

Fig. 6. Cholesteryl group- and acryloyl group-bearing pullulan nanogel to deliver BMP-2 and FGF-18 for bone tissue engineering. (A) Synthesis and decomposition of CHPOA/

hydrogel containing FGF-18 and BMP-2. a) The synthesis of CHPOA/hydrogel block and the chemical structure of CHPOA nanogels and PEGSH. b) The process of releasing FGF-18 and

BMP-2 by CHPOA nanogels. (B) Disc-shaped CHPOA/hydrogel for mouse skull defect. a) Disc-shaped CHPOA nanogel/hydrogel. Left, Clear standard CHPOA/hydrogel. Right, Pink

rhodamine-labeled CHPOA/hydrogel (CHPOA-Rh/hydrogel). b) Schematic drawing of mouse skull from the top. c) Mouse skull formed round bone defects with a biopsy punch. d)

the application of CHPOA-Rh/hydrogel to the circular bone defect. (C) The degree of bone healing after CHPOA/hydrogel releasing FGF-18 and/or BMP-2 in vivo. Disc-shaped CHPOA/

hydrogel pellets: group I, PBS; group II, FGF18 (500 ng); group III, BMP-2 (500 ng); group IV, FGF-18 þ BMP-2 (500 ng). The percentage of bone healing in 0, 1, 2, 4, 6 and 8 weeks

after implantation of CHPOA/hydrogel. Scatter plots show the data of all the samples. Bar represents the average of each stage. Three typical images of the CT are displayed at the

bottom of each scatter plot. Copyright, Ref. [64], 2012, Elsevier.
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Ideal hydrogels, due to their unique structure, can also release

bioactive factors in a spatiotemporally controlled manner and

maintain a sustained release to allow for continuous formation of

bone matrix and vascular network [92]. The molecular diffusion

and hydrogel degradation rate are the main influencing factors that

can be modulated via alteration of the structure and concentrations

of polymers and crosslinkers [1]. For example, Seo et al. developed

five different thermosensitive poly (phosphazene) hydrogels, all of

which have carboxylic acid groups at termini that can combinewith

BMP-2 through an ionic interaction [93]. However, different length

and number of carboxylic acid side chains determined their

different physical properties, including sol-gel transition, water

absorption, pore size, and BMP-2 release rate. Studies of a critical

sized cranial defect model showed that complete defect repair was

observed in the BMP-2/PTP-3-L nanocomplex hydrogel group, and

the volume and thickness of regenerated bone were 33.0mm3 and

0.82mm, respectively, with BMP-2 fixed at 10 mg. Holloway and his

colleagues prepared an HA hydrogel for the delivery of BMP-2 by

crosslinking maleimide-modified hyaluronic acid with matrix

metalloproteinase-sensitive cell adhesion peptide and later evalu-

ated the influence of hydrogel degradation on in vivo new bone

formation [94]. The results demonstrated that crosslinking density

can affect the compressibility, rheology, and degradability of

hydrogel, with lower initial crosslinking density leading to faster

BMP-2 release. In addition, hydrogels can be rapidly degraded in

the presence of matrix metalloproteinase. Experiments conducted

in the rat critical sized calvarial defect model showed obvious new

bone formation of BMP-2 loaded hydrogels.

5.2. Stem cell delivery

Since the 20th century, stem cell transplantation has become a

research focus in clinical treatment, and has been extensively

studied in plastic surgery, vascular diseases and regenerative

medicine [95e97]. Stem cells are a group of cells with infinite

renewal and differentiation potential, allowing them to differen-

tiate into various cell types, thus laying a solid foundation for their

widespread use in different areas [98]. The increased expression of

the associated bone-related genes contained in the stem cells

further confirmed that the stem cells can differentiate into osteo-

genic lineage to promote bone repair and regeneration. Stem cells

used in bone regeneration mainly contain embryonic stem cells

Fig. 7. Sustained BMP-2 delivery of double interacting nanogels for bone regeneration. (A) The D-NPs have hydrophobic group and ionic interaction group. (B) Compact

nanocomposites of D-NP and BMP-2 is formed by the interaction of hydrophobic and ionic interactions. (C) After the injection of BMP-2/D-NP nanocomposites, the nanogel is

formed and sustainably release BMP-2 locally. A few weeks later, the new bone is generated and the nanogel is completely degraded. Copyright, Ref. [68], 2015, Elsevier.

X. Bai et al. / Bioactive Materials 3 (2018) 401e417410



Fig. 8. Operating principle of electrospinning and microfluidic spinning. (A) Electrospinning. (B) Microfluidic spinning. Copyright, Ref. [72], 2017, Elsevier.
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(ESCs) and mesenchymal stem cells (MSCs). Despite successful

bone regeneration in previous investigations, ESCs are often inev-

itably accompanied with controversial moral and ethical issues;

later, investigators began to use MSCs to avoid the dilemma [1].

MSCs can not only differentiate into osteoblasts, but also act as a

signal center to initiate host response to the bone injury [99]. MSCs

can be subdivided into bone marrow mesenchymal cells (BMSCs),

ASCs, and umbilical cord mesenchymal stem cells (UCMSCs), all of

which can be cultivated and grown in vitro [100]. Among the

aforementioned kinds of MSCs, ASCs are most widely investigated

because of their easy accessibility, minimal invasion, and low

immunogenicity [101]. There have been several investigations

concerning directly injecting stem cells into damaged areas. For

example, Agung and his colleagues successfully repaired joint

damage through intra-articular injection of MSCs, but limited

retention and low survival of cells in the injury site due to the

sudden change of the environment remains a problem [102]. In

order to buffer the irreversible damage to stem cells caused by

sudden changes in the external environment after direct injection,

researchers began to utilize hydrogels to act as a three-dimensional

medium and deliver stem cells [103]. Zhao et al. prepared injectable

photocrosslinkable hydrogel microspheres to encapsulate BMSCs

by using a microfluidic mixing technique. This approach involved a

photoinitiator-containing gelatin-methacryloyl chloride (GelMA),

which forms droplets by using a microfluidic device and, followed

by UV photocrosslinking, produce GelMA hydrogel microspheres.

The BMSCs were then encapsulated into the hydrogels and were

found to demonstrate excellent bone formation in rabbit femoral

Fig. 9. Core-shell fibrous scaffold for co-deliverling Co and BMP-2. (A) Optical microscopy and SEM images of core-shell hydrogel scaffolds. (B) Microcomputed tomography (mCT)

images of new bone formation in rat calvarium defect, treated with fibrous scaffolds. Quantification of (C) new bone volume percentage, (D) bone surface and (E) bone surface

density with different combinations of Co and BMP. Copyright, Ref. [78] 2015, Elsevier.
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ankle, particularly when BMP-2 was added [104]. In order to

circumvent cell death and limited control in the duration of injec-

tion and enhance the communication between cells, Huebsch et al.

developed interconnected and macroporous hydrogels to improve

the transplanted hMSC survival. The animal model used nude rats

with cranial defects. The bone regeneration analysis conducted 12

weeks after cell transplantation showed obvious bone formation

when hydrogel elasticity was fixed at 60 kPa [105] (Fig. 11)

The interaction between hydrogels and cells is complex, and

many factors are involved in the regulation of stem cell differenti-

ation. It has been reported that MSCs prefer to differentiate into

osteogenic lineage when stiffness is fixed at 25e40 kPa [106].

Huebsch and his colleagues reported that the matrix elasticity of

hydrogels composed of alginate polymers had significant impact on

the differentiation of clonally derived hMSCs with intermediate

elastic modulus (11e30 kPa) leading to osteogenic differentiation

and softer (2.5e5 kPa) inducing adipogenic lineage [107]. Chaud-

huri et al. reported that stress relaxation has certain effects on

regulating stem cell fate and activity. Faster relaxation of hydrogels

can enhance the osteogenic differentiation of the encapsulated

MSCs and forms a mineralized matrix which is abundant in

collegen-1 and similar to the bone composition [108]. Some re-

searchers proposed that the surface properties of hydrogel will

largely affect its interaction with cells, thus regulating the fate of

the cells. Benoit et al. formulated a series of materials with different

surface charges and hydrophilicities [109]. The results showed that

small functional groups added to the hydrogel matrix have a

considerable influence on hMSC differentiation with charged

phosphate groups inducing osteogenesis and hydrophobic tert-

butyl leading to adipogenesis.

6. Challenges and prospects

Successful bone regeneration requires a coordinated interaction

among cells, growth factors, and hydrogels. Although hydrogels

display inherent advantages in bone regeneration, there are still

several problems that must be resolved. Firstly, when designing

hydrogels, the biocompatibility should be considered in order to

circumvent possible inflammatory response [110]. Natural poly-

mers like collagen, gelatin, and chitosan arewidely considered to be

biocompatible, but are limited by poor mechanical strength and

structural stability and burst release of encapsulated proteins or

cells after being delivered to the target site. Synthetic polymers can

solve the aforementioned problems to a certain extent, but are

accompanied with issues such as unintended immune responses

and poor degradation and cell attachment. Therefore, the optimi-

zation of polymer composition, concentration and crosslinking

methods still needs to be further studied to better promote bone

regeneration [111].

Ideally, the encapsulation of natural stem cells and growth

factors in the hydrogel matrix will increase the rate of new ECM

generation [112]. One of the limitations could be rapid hydrogel

degradation prior to the generation of new ECM, thus damaging the

mechanical stability and disrupting the process of healing bone

defects [113]. Additionally, proper control of stem cell differentia-

tion is crucial to ensure differentiation at the desired cell lineages

and prevent undesirable side effects when delivering stem cells to

the defect site [114]. Since the ultimate goal of hydrogels is to

Fig. 10. GFOGER-functionalized PEG synthetic hydrogel encapsulating BMP-2 for treating murine radial defects. (A) Images of hydrogel formulations with different matches of

GFOGER and BMP-2. (B) 3D reconstructed images and mineral density mappings of sagittal sections at the same defect when treated with different hydrogel compositions. (C) New

bone volume of different hydrogel compositions at 4 and 8 weeks after surgery. (D) Bridging scores of the defects after 4 weeks of surgery. (E) Maximum torque test of different

hydrogel formulations at radial defects 8 weeks post-surgery. Copyright, Ref. [91] 2014, Elsevier.

X. Bai et al. / Bioactive Materials 3 (2018) 401e417 413



enhance de novo bone formation, the prepared hydrogels should

have good interaction with the surrounding tissues e osteointe-

grationewhich can be assured by binding integrin ligands onto the

surface of hydrogel implants. Several studies have also demon-

strated that defect sites lack blood vessels; hence, it is feasible to

incorporate angiogenic factors into hydrogels for enhanced bone

repair and regeneration [115].

A substantial challenge concerning the uncontrolled release of

loaded bioactive growth factors and stem cells, which is directedly

related to the hydrogel degradation rate, limits the scope of bone

regeneration. Recently, smart hydrogel systems with on-demand

delivery capability has become an emerging innovative technol-

ogy in bone regeneration. Stimuli-responsive hydrogels can sense

stimuli in their external environment and make corresponding

changes. They have been widely used in biomedicine, tissue engi-

neering, and immobilization of enzymes. The studied external

stimuli mainly include temperature, light and pH [116,117]. Devel-

opment of hydrogels responsive to biochemical stimuli like

Fig. 11. Matrix elasticity modulates the bone regeneration ability of hMSC-encapsulated hydrogels. (A) micro-computed tomographic (mCT) images of bone regeneration in

cranial defects in nude rats 12 weeks post-transplantation of different hydrogels (cells alone, standard hydrogel, void-forming hydrogel). (B) Quantitative analysis of new bone

volume by mCT within different hydrogels. (C) mCT images of new bone formation in nude rat cranial defects 12 weeks after transplantation of hMSCs-incorporated void-forming

hydrogels fixed at various elastic moduli. Evaluation of new bone volume (D) and bone mineral density (E) in nude rat cranial defects 12 weeks post-transplantation of hydrogels

with different elastic moduli. (F) Haematoxylineeosin (H&E) staining images of newly formed bone and remaining polymers. (G) Masson's trichrome staining results showing bone

regeneration. Copyright, Ref. [105] 2015, Nature Publishing Group.
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enzymes, antigens, and ligands have also been explored [118,119].

Stimuli-responsive hydrogel delivery platform has been shown to

demonstrate great potential in repairing bone defects caused by

accidents, cancer, or age, and must be investigated and optimized

further to control the release of bioactive payload upon changes in

the surrounding physiological environment of the body.

Despite the significant existing challenges, including rapid

degradation and burst release, poor integration with native cells,

low mechanical stability and immunogenicity, the development of

hydrogel-based bone regeneration holds enormous promise for the

future treatment of bone-related diseases and defects. With a

deepening understanding of hydrogels, bone defects, the ECM and

their interactions, hydrogels will undoubtedly become a powerful

tool for the clinical treatment of bone defects in the future.
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