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Abstract

BACKGROUND: Polymeric hydrogels are extensively used as promising biomaterials in a broad range of biomedical

applications, including tissue engineering, regenerative medicine, and drug delivery. These materials have advantages such

as structural similarity to the native extracellular matrix (ECM), multi-tunable physicochemical and biological properties,

and biocompatibility.

METHODS: In situ forming hydrogels show a phase transition from a solution to a gel state through various physical and

chemical cross-linking reactions. These advanced hydrogel materials have been widely used for tissue regenerative

medicine because of the ease of encapsulating therapeutic agents, such as cells, drugs, proteins, and genes.

RESULTS: With advances in biomaterials engineering, these hydrogel materials have been utilized as either artificial

cellular microenvironments to create engineered tissue constructs or as bioactive acellular matrices to stimulate the native

ECM for enhanced tissue regeneration and restoration.

CONCLUSION: In this review, we discuss the use of in situ cross-linkable hydrogels in tissue engineering and regen-

erative medicine applications. In particular, we focus on emerging technologies as a powerful therapeutic tool for tissue

regenerative medicine applications.
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1 Introduction

Polymeric hydrogels, which are defined as a three-dimen-

sional (3D) hydrophilic network, are promising biomate-

rials for a broad range of biomedical applications, such as

tissue engineering, regenerative medicine, and in drug

delivery [1–5]. The 3D hydrophilic networks provide

structural frameworks with a large amount of water within

the matrices similar to the native extracellular matrix

(ECM) [6]. Also, the hydrogel materials can be tailored

with various bioactive molecules (e.g., cell-adhesive sites,

proteolytic degradable sites, and stimuli-sensitive linkages)

to improve their biocompatibility and performance in vitro

and in vivo [7–9]. Based upon their unique properties,

hydrogel materials have been attractive biomaterials for

various biomedical uses. In particular, in situ cross-linkable

hydrogels have been widely utilized as therapeutic

implants and vehicles for tissue engineering and regener-

ative medicine [10, 11]. These hydrogels show a phase

transition from a solution to a gel state via various physical

and chemical stimuli. They can be injected into the target

sites using injectable devices and can encapsulate thera-

peutic agents (e.g., chemical drugs, proteins, cells, and
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genes) during hydrogel formation. Many types of natural

and synthetic biomaterials have been used to create in situ

forming hydrogels via numerous cross-linking strategies

for tissue engineering and regenerative medicine.

Emerging trends in the design of advanced hydrogel

materials include recapitulating the ECM as an artificial

ECM or stimulating the native cellular microenvironment

as bioactive acellular matrices for enhanced tissue regen-

eration and repair. The ECM is composed of various pro-

teins and polysaccharides with soluble factors, which

provide a structural framework, support cell growth, and

regulate cell fate [12]. The natural cellular microenviron-

ment involves various physicochemical cues including

nutrients and metabolites, temperature, pH, and oxygen

(O2) tension. Growing evidence has demonstrated that

these parameters play pivotal roles in cell proliferation,

migration, and differentiation in the native cellular

microenvironment [13]. Recently, in situ cross-linkable

hydrogels have been utilized as artificial cellular

microenvironments to create engineered tissue constructs

for tissue engineering and regenerative medicine as well as

for a better understanding of basic cell biology in healthy

and diseased tissues [2, 3, 10, 14]. Also, the advanced

hydrogel materials have been used as bioactive acellular

matrices to stimulate the native ECM for enhanced tissue

regeneration and repair by regulating tissue-material

interactions or by delivering bioactive molecules [15–17].

In this review, we introduce the emerging strategies to

create in situ cross-linkable hydrogels via various physical

and chemical cross-linking reactions. Moreover, we discuss

the current uses of in situ cross-linkable hydrogels in tissue

engineering and regenerative medicine applications.

Specifically, we focus on some of the recently reported

techniques for enhanced tissue regeneration.

2 Strategies to fabricate in situ cross-linkable
hydrogels

Various cross-linking strategies have been utilized to create

in situ forming hydrogels, including physical (e.g., iono-

tropic interaction, thermo-sensitivity, and host–guest

interaction) and chemical cross-linking reactions (e.g.,

enzyme-mediated cross-linking, photo-cross-linking, and

click chemistry) using natural and synthetic polymers

[10, 18, 19]. Fig. 1 illustrates the typical cross-linking

strategies to fabricate in situ forming hydrogels either as

artificial ECM or as acellular matrices. In this section, we

discuss the representative cross-linking approaches to

fabricate advanced in situ forming hydrogel materials.

Physically cross-linkable hydrogels form hydrogel net-

works via non-covalent bonds, including inotropic inter-

action, thermo-sensitive response, and host–guest

interactions. Alginate, composed of repeating units of (1-

4)-linked b-D-mannuronate (M units) and a-L-guluronate
(G units), is the representative natural polymer. The natural

polymer can form hydrogel networks in the presence of

divalent cations (e.g., calcium, barium, and magnesium)

through inotropic interaction between the G units in the

polymer backbone [20]. Alginate-based hydrogels have

been widely used as injectable matrices in tissue regener-

ation, wound healing, and drug delivery because of their

biocompatibility and easy fabrication [21–23]. Other

physical hydrogels include thermo-sensitive hydrogels that

can induce 3D hydrogel networks through hydrophobic

interactions of amphiphilic polymers (e.g., poloxamers) in

aqueous solutions by increasing the temperature. These

matrices have been extensively used as injectable carriers

for tissue regeneration and drug delivery because of their

reversible phase transition and a simple fabrication process

[24, 25]. Recently, self-assembled in situ forming hydro-

gels through host–guest interaction have been developed,

which can create hydrogel networks in physiological con-

dition. The physical hydrogels are formed through molec-

ular inclusion between cyclodextrins (CDs) and other guest

molecules [e.g., poly(ethylene glycol) (PEG), adamantine,

and cholesterols] [26, 27]. The CDs, which are natural

cyclic oligosaccharides, have an inner cavity that induces

physical cross-linking via molecular inclusion with the

guest molecules. These hydrogels are fabricated by simple

mixing of two polymer solutions (solution A, CD-modified

polymers; solution B, guest molecule-conjugated poly-

mers). Their physicochemical properties (e.g., hydrogel

formation time, mechanical properties, and degradation

behaviors) can be easily controlled by regulating the pen-

dants and polymer contents [28]. These unique properties

allow the hydrogel matrices to be applied to various

biomedical applications, including therapeutic delivery

carriers, bio-inks, and engineered tissue models for tissue

regeneration [26–29]. We introduced some of the repre-

sentative physical hydrogels. While these hydrogels have

some benefits, such as a simple fabrication process and

formation in mild conditions, it is still challenging to

improve their stability and mechanical strength to extend

their potential applications.

Chemically cross-linkable hydrogels form 3D polymeric

networks via covalent bonds through various chemical

reactions. The chemical cross-linking strategies involve

enzyme-mediated cross-linking, click chemistry, and

photo-cross-linking reactions [10, 18]. A typical method to

create in situ cross-linkable hydrogels is a photo-cross-

linking strategy through ultraviolet and visible (UV/vis)

light irradiation. For the hydrogel fabrication, methacry-

late-conjugated polymer solutions containing photo-initia-

tors (e.g., Irgacure PIs I2959, I184, and I651) were

irradiated with UV or visible light to induce a radical cross-
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linking reaction between the acryl groups in the polymer

backbones. These photo-curable hydrogels have been

widely used as injectable matrices for tissue regenerative

medicine, drug delivery, tissue respiration, and sealant

materials [30–33]. Recently, there has been growing

interest in creating in situ cross-linkable hydrogels through

enzymatic reaction because of the hydrogel formation in

physiological conditions and substrate-specific conjuga-

tions. Several types of enzyme-mediated cross-linkable

hydrogels have been developed using several enzymes

[e.g., horseradish peroxidase (HRP), transglutaminase,

tyrosinase, lysyl oxidase, and laccase (Lac)]

[15–17, 34–39]. Specifically, HRP-mediated cross-linking

reactions have attracted attention as a promising chemical

cross-linking method because of the biocompatibility and

easily controllable physicochemical and biological prop-

erties of the hydrogels (e.g., gelation kinetics, mechanical

strength, and degradation behaviors) [40, 41]. In the HRP-

mediated conjugative reaction, the enzyme catalyzes the

di-phenolic formation of phenol-conjugated polymer

backbones in the presence of hydrogen peroxide (H2O2)

that is converted into water (H2O) and molecular O2 in the

process of the hydrogel formation [40]. Growing evidence

has demonstrated that the HRP-mediated polymeric

hydrogels with excellent bioactivity and tunable physico-

chemical properties are promising biomaterials in a broad

range of biomedical applications, including tissue regen-

erative medicine, drug delivery, and wound management

[42, 43]. Recently, Lac has been used to create in situ

cross-linkable hydrogels via O2-consuming cross-linking

reaction. For the preparation of O2-controllable hydrogels,

ferulic acid (FA)-conjugated polymers were merely mixed

with Lac solutions [15, 16, 44]. In the enzymatic cross-

linking reaction, Lac catalyzes diferulic acid formation that

induces hydrogel networks with O2-consuming reaction. In

addition to the enzymatic cross-linking reactions, the click

chemistry has been widely utilized as an alternative method

to create in situ forming hydrogels as the reaction occurs

under physiological conditions in the absence of toxic

cross-linking agents [45, 46]. For the hydrogel fabrication,

Fig. 1 Cross-linking strategies to fabricate in situ forming hydrogels.

In situ cross-linkable hydrogels exhibit phase transition from solution

to gel state through physical and chemical cross-linking reactions.

These advanced hydrogel materials can serve as dynamic cellular or

acellular matrices for tissue engineering and regenerative medicine.

Abbreviations: GelMA, gelatin-methacryloyl; GH, gelatin-g-hydrox-

yphenyl propionic acid; HRP, horseradish peroxidase; GtnFA,

gelatin-g-ferulic acid; Lac, laccase; CD-HA, b-cyclodextrin-conju-

gated hyaluronic acid; AD-HA; adamantine-modified hyaluronic acid

(adapted with permission from Ref. [2, 3])

Tissue Eng Regen Med (2018) 15(5):547–557 549

123



two types of polymers (polymer A, azide-conjugated;

polymer B, terminal acetylene-modified polymers) are

mixed in the presence of copper (Cu[I]). In this reaction,

Cu catalyzes the formation of the 1,2,3-triazole bond that

induces 3D hydrogel networks. Because of regioselectivity

and rapid hydrogel formation in mild conditions, these

hydrogels have been utilized as either engineered matrices

or delivery carriers for various biomedical applications as

well as tissue regenerative medicine [47–49].

With advances in biomaterials engineering, numerous

strategies have been developed to fabricate in situ forming

hydrogels through physical and chemical cross-linking

reactions. These advanced hydrogel materials hold great

potential as either artificial cellular microenvironments to

create engineered tissues or bioactive acellular matrices to

stimulate the native ECM for improved tissue regeneration

and repair.

3 Artificial extracellular matrices

In situ cross-linkable hydrogels have attracted attention as

artificial ECM to create engineered tissues because of their

structural similarity to the native ECM and easy encapsu-

lation of target cells within the matrices in the process of

the hydrogel formation [1, 7, 8]. The engineered tissue

constructs created using the hydrogel materials with the

cells have been utilized either as a promising platform for

tissue transplantation or as an alternative to animal models

for a better understanding of basic cell biology in healthy

and diseased tissues. Recently, many researchers have

endeavored to create engineered tissue constructs that can

precisely recapitulate the native ECM with spatiotemporal

complexity. The native microenvironments present various

physicochemical and biological properties, including ECM

components and remodeling, cell–cell/matrix interactions,

soluble factors, pH levels, reactive oxygen/nitrogen spe-

cies, and O2 tension. In this section, we introduce the most

recently reported in situ cross-linkable hydrogels as artifi-

cial cellular microenvironments to create engineered tis-

sues for tissue engineering and regeneration.

Gelatin-methacryloyl (GelMA) hydrogels, which can

induce 3D hydrogel networks through a photo-cross-link-

ing reaction, has been commonly used as a 3D cell culture

template [31]. Gelatin is a natural polymer derived from

collagen, which is a promising biomaterial as a scaffold for

tissue engineering and regeneration. The gelatin possesses

bioactive moieties that precisely mimic the native ECM,

including cell-adhesive and proteolytic degradable sites

[50]. Various bio-fabrication methods have been reported

to create cell-laden 3D constructs utilizing the hydrogel

materials, including 3D encapsulation, micro-/nano-fabri-

cation, and 3D bio-printing techniques [51]. Daniela et al.

developed cell-laden constructs as modular tissue culture

platforms [52]. GelMA-based cell-laden hydrogels were

fabricated using custom-made and sterilized Teflon molds

by UV irradiation with Irgacure 2959 as a photo-initiator

[52]. With the advanced hydrogel materials, mature vas-

cular constructs were created using endothelial colony-

forming cells (ECFCs) and mesenchymal stem cells

(MSCs) (Fig. 2A) [53]. Notably, it was demonstrated that

photocurable GelMA hydrogels supported extensive 3D

capillary-like vascular networks in vitro (Fig. 2B) [53].

The engineered vasculatures were transplanted into nude

mice and, functional anastomoses were observed between

the newly formed vascular network and the host vascula-

ture (Fig. 2C) [53]. These results suggested that the

GelMA-based engineered vascular constructs hold great

potential in the treatment of vascular disorders and tissue

regeneration.

Recently, there has been growing interest in fabricating

in situ forming hydrogels through HRP-mediated cross-

linking reaction because of the easy fabrication process

with biocompatible and multi-tunable properties. Park and

his colleagues developed gelatin-based in situ forming

hydrogels through HRP-mediated cross-linking reactions

that facilitated angiogenic differentiation and cellular

activity of patient-derived human MSCs [54]. For the

hydrogel fabrication, hydroxyphenyl propionic acid (GH)

polymers were synthesized, which can form hydrogel net-

works through HRP-mediated conjugative reaction

between the phenolic molecules in the polymer backbone.

To create engineered vascular tissues, MSCs were encap-

sulated within the hydrogel matrices during the hydrogel

formation. Interestingly, it was demonstrated that the GH

hydrogels directed endothelial differentiation of the stem

cells through integrin-mediated interaction at the cell–

matrix interface, resulting in perusable blood vessel for-

mation in vitro and in vivo [54]. Also, it was found that

specific integrin types (a1 and avb3) played a critical role in
facilitating the angiogenic differentiation of the stem cells

[54]. These findings suggested that the purely material-

driven effects can regulate endothelial differentiation of

MSCs, thereby promoting vascularization of scaffolds for

tissue engineering and regenerative medicine.

The O2 has been implicated as a pivotal signaling

molecule in the regulation of cell growth, migration, and

differentiation [55]. Specifically, recent researches have

demonstrated that O2 deprivation (defined as hypoxia)

plays a critical role in the vascular developmental process

(e.g., vasculogenesis and angiogenesis) during tissue

development, regeneration, and wound healing [56, 57].

Most recently, Park and Gerecht designed in situ forming

hypoxia-inducible (HI) hydrogels as an artificial hypoxic

microenvironment to recapitulate the physiological

microenvironment [16]. FA-conjugated gelatin (GtnFA)
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polymers were synthesized, which can form hydrogel net-

works with O2 consumption in Lac-mediated cross-linking

reactions. The physicochemical and biological properties

of the HI hydrogels were characterized, including gelation

kinetics (2–30 min), tunable mechanical strength

(35–370 Pa), controllable oxygen tension within the

matrices (0.1–21% pO2), and cytocompatibility ([ 90%). It

was demonstrated that the optimized hydrogel condition

could provide artificial hypoxic microenvironments under

5% pO2 throughout the matrices [16]. To investigate the

effect of O2 tension on the vascular differentiation of

endothelial progenitor cells, the cells were encapsulated

within two types of hydrogels (hypoxic gels, HG vs. non-

hypoxic gels, NG) (Fig. 3A). The O2 tension was con-

trolled by varying hydrogel thickness (HG, 2.5 mm in

height; NG, 1.25 in mm height in a 96-well plate). Inter-

estingly, the cells encapsulated within HG matrices

exhibited more extensive microvasculature through

hypoxia-inducible factor (HIF) pathway activation com-

pared to those within the NG matrices (Fig. 3B–D) [16].

The results suggested that the engineered vascular con-

structs hold great potential as an advanced therapeutic tool

for the treatment of vascular disorders and tissue regener-

ative medicine.

Fig. 2 Engineered vascular constructs using photo-curable GelMA

hydrogels. A Schematic representation of the stepwise process of

endothelial lumen formation in the engineered microenvironment.

B Premature vessel formation of ECFCs surrounded by a-smooth

muscle actin (a-SMA)-expressing MSCs (yellow arrow). Scale bar is

20 lm. C Functional vascular formation in vivo. Immunohistochem-

istry exhibited that the engineered vasculatures were positively

stained for human CD31 (red arrow) and murine capillaries (green

arrow), carrying murine erythrocytes (asterisks). Fluorescence images

show sections stained with rhodamine-conjugated UEA-1 lectin (to

mark human ECFC-lined vessels) and fluorescein isothiocyanate-

conjugated anti-a-SMA (to mark perivascular cells; red arrowheads).

UEA-1 lectin did not bind to the murine vessels (green arrow). Scale

bars are 10 lm and 50 lm (adapted with permission from Ref [53]).

(Color figure online)

Tissue Eng Regen Med (2018) 15(5):547–557 551

123



4 Bioactive acellular matrices

Recently, in situ forming hydrogels have been designed as

bioactive acellular matrices for improved tissue regenera-

tion and repair. These injectable materials stimulate the

native ECM by physicochemical changes, such as inducing

acute oxidative stress or recruiting endogenous progenitor/

stem cells for enhanced tissue regeneration. In this section,

we discuss the use of innovative hydrogel materials in

tissue regenerative medicine applications.

It is well-known that nitric oxide (NO) is involved as a

signaling molecule in various biological processes [58, 59].

It plays critical roles in maintaining the natural function of

the endothelium and acts as an endogenous vasodilator and

natural inhibitor of platelet adhesion and activation [59].

Growing evidence has demonstrated that NO facilitates

vascular development process (e.g., vasculogenesis and

angiogenesis) and thus, the bioactive molecule has been

widely utilized as a therapeutic agent for the treatment of

vascular tissue regeneration [60, 61]. Kong and Li devel-

oped NO-releasing chitosan hydrogels that promoted

Fig. 3 Hypoxia-inducible hydrogels to create engineered vascula-

tures. A Schematic diagram of vascular morphogenesis of ECFCs

within artificial hypoxic microenvironment. B Confocal microscopic

images of ECFCs cultured within non-hypoxic gels (NG) and hypoxic

gels (HG); confocal Z-stacks and orthogonal sections exhibited lumen

formation (yellow arrow). Scale bar is 50 lm. C Quantification of

vascular tube formation (mean tube coverage, tube length, and tube

thickness). D Real-time reverse-transcription polymerase chain reac-

tion for gene expression of ECFCs cultured within two types of

hydrogels (NG vs. HG), which is relevant to vascular morphogenesis.

Results in C and D are shown as the average value ± s.d.

Significance levels were set as *p\ 0.05, **p\ 0.01, and

***p\ 0.001 (adapted with permission from Ref. [16]). (Color

figure online)
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endothelial differentiation of mouse embryonic stem (ES)

cells [62, 63]. Chitosan-based NO-releasing hydrogels

were synthesized by simple mixing of b-galactose-caged
NO donor (Gal-NONOate) and chitosan solutions in the

presence of CuSO4 and ascorbate [62]. To investigate the

effect of NO release on endothelial differentiation, mouse

ES cells were cultured on the hydrogel surfaces. Interest-

ingly, the ES cells cultured on the NO-releasing hydrogels

showed increased expression of Flk-1 (early endothelial

cell marker) and VE-cadherin (mature endothelial marker)

under controlled NO-releasing hydrogel systems [63]. The

bioactive hydrogels were also applied to diabetic mice with

hind-limb ischemia, resulting in enhanced therapeutic

angiogenesis in the defect sites [62]. These results

demonstrated that the NO-releasing hydrogel matrices hold

great promise for the treatment of various vascular disor-

ders, including diabetic wounds and ischemic diseases.

Most recently, Thi et al. developed NO-releasing hydrogels

with high antibacterial activity through in situ peroxynitrite

formation [64]. While NO has been widely used as a

therapeutic agent, its short half-life remains a challenge in

clinical application in pharmaceutical forms. S-nitrosoth-

iolated gelatin (GelSNO) was incorporated as a NO donor

into in situ cross-linkable GH hydrogels to overcome the

limitations of NO-controllable hydrogels [64]. NO was

released from the matrices through thermal-, visible light-,

and oxidizing agent-driven mechanisms and the release

behavior was controlled by varying the GelSNO

Fig. 4 H2O2-controllable hydrogels for facilitating neovasculariza-

tion though transient upregulation of intracellular ROS levels in ECs.

A Schematic representation of in situ hydrogel formation via dual

enzyme-mediated cross-linking reaction. Newly formed covalent

bonds are indicated in red. Transient upregulation of intracellular

ROS levels of ECs by sustained release of H2O2 from hydrogels.

B Representative optical and fluorescent microscopic images. Scale

bar is 100 lm. C Quantitative analysis of fluorescence-positive cells.

The results in B are shown as an average ± s.d. Significance levels

were set at *p\ 0.05, **p\ 0.01, and ***p\ 0.001. ## indicates

not significant. D In ovo angiogenic effect of the hydrogels.

Histological sections of hydrogels seven days after injection, stained

with a-SMA. Scale bar is 100 lm (adapted with permission from Ref.

[17]). (Color figure online)
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concentration from 0.053 to 2.050 lmol/mL for up to

2 weeks [64]. Notably, the NO-releasing gelatin hydrogels

exhibited potent antibacterial effects against both Escher-

ichia coli and Staphylococcus aureus without cytotoxicity

on human dermal fibroblasts. The results suggested that

HRP-mediated NO-releasing hydrogels may provide an

innovative injectable matrix for treating wound infections

and tissue regenerative medicine [64].

Reactive oxygen species (ROS) have been implicated as

bioactive molecules in regulating cell signaling and

maintaining homeostasis [65]. Specifically, it has been

demonstrated that H2O2 plays a pivotal role in various

therapeutic applications including the treatment of vascular

disorders, wound healing and repair, and antibacterial

treatment [66, 67]. Park and his colleagues reported an

H2O2-releasing hydrogel as a wound dressing material with

antibacterial activity against various bacterial strains

including clinical isolates of drug-resistant strains [37].

HRP-mediated in situ forming hydrogels were fabricated

with excess H2O2 concentrations (1–10 mM). During the

Fig. 5 Chemokine-loaded in situ forming GH hydrogels for

enhanced wound healing in diabetic mouse models. A Schematic

illustration of in situ GH hydrogel formation through HRP-mediated

cross-linking reaction, encapsulating cell-recruiting chemokines (IL-8

or MIP-3a). B Representative digital images depicting wound healing

by the chemokine-loaded GH hydrogels in streptozotocin-induced

diabetic mice on day 0, 7, 14, and 21. C Re-epithelialization of the

regenerative tissues on day 7 after hydrogel treatment. The explants

were subjected to Masson’s trichrome staining and showed re-

epithelialization of the damaged tissues with the hydrogels. The

arrows indicate regenerated edges of the skin wound. D dermis;

E epidermis; EG epithelial gap; GT granulation tissue (adapted with

permission from Ref. [73])
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hydrogel formation, H2O2 was decomposed into H2O and

oxygen, and a certain amount of residual H2O2 was

released from the hydrogel matrices in a sustained manner.

The amount of H2O2 released was controlled by varying

the feed amount of H2O2 (ranging from 2 to 510 lM) [37].

Interestingly, the H2O2-releasing hydrogels exhibited

strong killing efficiency toward Gram-positive bacteria

including Staphylococcus aureus, Staphylococcus epider-

midis, and a clinical isolate of methicillin-resistant Sta-

phylococcus aureus (drug-resistant bacteria) [37]. Also, the

hydrogels facilitated skin wound healing and repair in full-

thickness defect models. These results suggested that the

H2O2-releasing hydrogels have a great potential as

antimicrobial dressing materials for wound and infection

treatment.

Growing evidence has demonstrated that transient and

low levels of H2O2 (ranging from 0.1 to 10 lM) enhanced

the angiogenic activities of vascular cells through acute

oxidative stress via evaluated intracellular ROS levels in

cells or surrounding tissues [68–70]. Lee et al. [17] utilized

H2O2-controllable GH hydrogels formed via dual enzyme-

mediated cross-linking reaction using HRP and glucose

oxidase (GOx) as H2O2-generating enzymes to gradually

supply H2O2 that is a substrate in HRP-mediated cross-

linking reactions. The H2O2-releasing amount can be

accurately controlled by varying the GOx concentrations

(ranging from 0 to 10 lM) for up to 48 h [17]. It was

demonstrated that the optimal H2O2-releasing condition

increased transient intracellular ROS levels in endothelial

cells (ECs), enhanced the proliferative activities of vascu-

lar cells, and facilitated in ovo neovascularization (Fig. 4)

[17]. These results suggested that the H2O2-controllable

hydrogels provide injectable and bioactive matrices for

vascular tissue regeneration.

The recruitment of endogenous progenitor or stem cells

is essential for tissue regeneration and wound healing

[71, 72]. Recently, many researchers have reported

hydrogel materials that encapsulate cytokines and

chemokines as signaling factors that recruit the endogenous

cells from the host tissue to the defect sites. Lee and his

colleagues utilized HRP-mediated GH hydrogels that

encapsulated cell-recruiting chemokines as injectable and

sprayable dressing materials for treatment of a diabetic

wound [73]. Cell-recruiting factors (e.g., interleukin (IL)-8,

and macrophage inflammatory protein (MIP)-3a) were

loaded within GH hydrogels during in situ hydrogel for-

mation. It is well-known that IL-8 and MIP-3 a recruit

bone marrow-derived MSCs for tissue regeneration and

repair. The wound healing efficacy of the hydrogels was

investigated in a streptozotocin-induced diabetic mouse

model, showing promoted wound healing and restoration

with enhanced re-epithelialization, neovascularization, and

thicker granulation [73]. These results suggested that the

in situ forming and chemokine-loaded hydrogels can serve

as an injectable carrier for skin tissue regeneration (Fig. 5).

5 Conclusions and future directions

Numerous in situ cross-linkable hydrogels have been

explored as artificial cellular microenvironments to create

engineered tissues and as bioactive acellular matrices to

facilitate tissue regeneration and restoration. Although

advanced hydrogel materials are extensively used as

engineered matrices, it is still challenging to mimic spa-

tiotemporal complex native tissues more accurately and to

improve their biocompatibility, such as reducing inflam-

matory and immune reactions when transplanted in vivo. In

recent years, many researchers have endeavored to create

engineered tissues that better mimic the native cellular

microenvironments in combination with emerging

micro-/nano-fabrication methods, including microfluidic

devices and 3D bio-printing techniques. Innovative engi-

neering approaches are developing to reduce inflammation

and immune response that may induce functional impair-

ment and tissue or organ failure. These innovative

approaches allow the generation of more complex tissue

constructs and biocompatible matrices. Thus, the advanced

hydrogel materials are a powerful therapeutic tool for

successful tissue regeneration and treatment of other

diseases.
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