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Recent advances in the design of injectable hydrogels for stem cell-based therapy
Kun Liang, Ki Hyun Bae and Motoichi Kurisawa*
Stem cell therapy holds promise for the treatment of many diseases but the efficacy is limited by the unfavorable environments in the impaired tissues. The use of hydrogels scaffolds has been proposed as a strategy to overcome this by improving the survival and engraftment of injected stem cells. In particular, injectable hydrogels are deemed highly attractive owing to their ease of use, shape adaptability and ability to access parts of the body that are difficult to reach. In this review, we provide an overview of the recent efforts in the design of various injectable hydrogels for stem cell-based tissue engineering. Herein, we first discuss the different aspects of hydrogel mechanics that can regulate stem cell behavior. In addition, we examine in detail the biomaterial (natural, synthetic or hybrid) composition and characteristics of hydrogel matrices used in regenerative medicine application involving stem cells. Lastly, we outline some representative next-generation hydrogel systems with additional features to potentially enhance the therapeutic efficacy and finally we provide a summary and outlook on developments in the field. 
1. Introduction
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Regenerative medicine or tissue engineering is an interdisciplinary field that draws inspiration from various scientific disciplines including medicine, cell and molecular biology, and materials science and engineering, with the goal of promoting the healing, repair of diseased or damaged tissues or organs and the regeneration of new healthy ones. The most commonly adopted strategy in tissue engineering involves the deposition of cells in structured biomaterial substrates, also known as scaffolds, which support the development of three-dimensional functional tissues.1 In general the cells can either be placed within the scaffold in vitro before implantation, or recruited from the infiltration of the patient’s cells into implanted scaffold in vivo. The scaffold then serves as temporary extracellular support until the cells mature and secrete molecules to build up their own matrices, eventually replacing the scaffold. Hence, it is imperative that the scaffold must be able to induce cell proliferation and differentiation, and then degrade in response to neo-tissue formation and finally integrate with endogenous tissue.1–3 In order to perform these functions, the scaffold may also contain bioactive molecules such as growth factors and drugs that can be released in a sustained and controlled manner. 
Recently, injectable or in situ forming systems have garnered increasing attention for a wide range of tissue engineering applications, including cardiac, cartilage and bone regeneration.4–8 These injectable scaffold formulations typically consist of solutions containing a mixture of cells and growth factors and precursors, which will subsequently solidify following administration through a needle to the targeted area. Unlike tissue engineering strategies using pre-fabricated scaffolds, injectable systems have the advantages of conforming to any shape regardless of the defect geometry and gaining accessibility to parts of the body that are difficult to reach.9–11 From the perspective of clinical medicine, the minimally invasive nature of injection may also reduce patient distress, risk of large wound infections and treatment costs. Furthermore, the incorporation of cells and bioactive compounds in the scaffold solution can be accomplished by simple mixing before injection, thus enabling their homogeneous distribution within the scaffold matrix.5,6,9 

Hydrogels represent an ideal candidate biomaterial for injectable scaffolds due to their similarities to natural extracellular matrix (ECM), which confer high water content, biodegradability, and biocompatibility.12–14 Hydrogels are also highly versatile, with tunable composition, structure, mechanical properties, and biochemical properties to tailor to specific tissue engineering applications. As scaffolds that interface with cells, hydrogels also serve as bio-instructive matrices to regulate cell morphology, proliferation, and differentiation.3,15 In addition, hydrogels can protect cells from membrane damage from shear stresses encountered by cells as they transition through the needle during injection.16,17 Lastly, hydrogels allow for the incorporation and controlled release of biomolecules such as growth factors to potentiate cell development. Therefore, much of recent research efforts have focused on injectable hydrogels as scaffolds for regenerative medicine. 

Among various cell types, stem cells are considered to be a potent and valuable source for tissue engineering applications because of their capacity to self-renew, expand in large numbers and differentiate into multiple cells lineages.18 Furthermore, stem cells can also serve as helper cells to support tissue or organ regeneration by promoting tissue homeostasis, metabolism, growth and repair. To date, several stem cell types, including hematopoietic stem cells (HSC)s, bone marrow-derived and adipose-derived mesenchymal stem cells (MSC)s, retinal and neural stem cells (RSC and NSC)s and induced pluripotent stem cells (iPSC)s have been evaluated to treat various diseases in preclinical and clinical trials.19,20 However, clinical success has been limited, in large part owing to low cell engraftment rates. To overcome this issue, numerous injectable hydrogels have been developed to enhance cell retention.15,21,22 It is envisioned that hydrogel scaffolds with tunable properties can mimic different tissue niches and provide the necessary mechanical, topographical and biochemical cues to regulate stem cell behaviours, leading to the formation of a specific tissue. [image: image12.png]w
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In this review, we aim to survey the recent progress in injectable hydrogels as scaffolds for stem cell-based tissue engineering. We will firstly provide an overview of hydrogel based strategies to control stem cell fate and functions. The most commonly used natural and synthetic biomaterials for hydrogel preparation and the various gelation mechanisms then will be outlined. Subsequently we will highlight several promising new generation tissue engineering strategies that make use of injectable hydrogels for stem cell delivery. To conclude, we will offer a perspective on the future directions of this field and draw attention to any potential challenges to overcome before clinical translation.
2. Hydrogel mechanics regulating stem cell fate and function
2.1. Stiffness
The wide range of matrix stiffness of mammalian tissues that the cell experiences, from ~100 Pa for brain to as high as ~10 kPa for cortical bone tissue,23 is well known to influence cellular response and function.24 The design of hydrogels with tunable elasticities has been extensively investigated for their effects on stem cell behaviour. In a landmark study by Engler et al.,25 human MSCs grown on collagen-coated polyacrylamide (PAM) gel substrates with various stiffness that mimicked that of the brain (~1 kPa), skeletal muscle (~10 kPa) and bone (~40 kPa) promoted differentiation towards neurogenic, myogenic and osteogenic lineages respectively. Similarly, Gilbert et al. reported that muscle stem cells cultured on soft poly(ethylene glycol) hydrogels with elasticity akin to that of muscle (~12 kPa), led to maintenance of stemness and tissue regeneration upon orthotropic transplantation in mice.26 In addition, by independently tuning of planar substrate stiffness, porosity and protein tethering, Wen et al. clarified that matrix elasticity is the main mechanical regulator of MSC and adipose-derived MSC (ADSC) differentiation.27 Apart from differentiation, the effects of hydrogel stiffness to direct the proliferation and migration of human MSC28 and neural stem cells29,30 were also reported. These results provided strong evidence that the stiffness of the underlying matrices upon which the stem cells occupy can be exploited to influence stem cell behaviour. On the other hand, the effect of stiffness of hydrogel substrates on stem cell fate in the three-dimensional (3D) setting is more complex. For instance, Huebsch et al. demonstrated that while murine MSCs responded to stiffness of non-degradable alginate hydrogels in 3D environment by adopting osteogenic phenotypes, however, unlike the situation in 2D, the cell morphologies did not correlate with stiffness.31 Instead, the matrix stiffness impacted the nanoscale integrin binding and reorganization of adhesion ligands, which in turn controlled the osteogenesis of MSCs. Nevertheless, the stiffness-mediated modulation of key properties of encapsulated stem cells, including cell morphologies, proliferation and gene and protein expressions, has enabled the successful in vivo tissue integration and regeneration of these 3D hydrogel matrices.32,33 An additional factor to consider in the 3D environment is the modification of the ECMs by the encapsulated cells, especially in the case of degradable hydrogel matrices. A notable study conducted by Khetan et al. found that human MSC encapsulated in hyaluronic acid (HA) hydrogels of equal elastic moduli but with varying permissible degrees of cell-mediated degradation led to drastic differences in cell spreading, traction and lineage commitment.34 Moreover, it is expected that the cell-mediated degradation will result in time-dependent changes in local and perhaps bulk stiffness of the 3D hydrogel matrices, which may alter the cell response.
2.2. Viscoelasticity

In an attempt to address the dynamic nature of the native viscoelastic ECMs, recent research efforts were devoted to culture stem cells on hydrogel scaffolds that exhibit stress-relaxation and stiffening behaviour. Guvendiren et al. cultured human MSCs on HA hydrogels that stiffened (3 to 30 kPa) over time and found that cells displayed immediate response by increasing spread area, traction and motility. In addition, they reported that cells differentiate selectively based on the duration of contact with the soft substrate (period of stiffening), with adipogenic and osteogenic differentiation favoured for later and earlier stiffening respectively.35 Moreover, Cameron et al. showed that increasing the loss (viscous) modulus of PAM hydrogel substrate increased cell area, proliferation and the differentiation potential of the seeded human MSCs but reduced the size of focal adhesions.36 For 3D hydrogel matrices, Das et al. reported that stress-stiffening polyisocyanopeptide gel matrices induced a switch in differentiation lineage from adipogenic to osteogenic, which was related to the microtubule signalling.37 On the other hand, Chaudhuri et al. observed that hydrogels with faster relaxation kinetics promoted cell spreading in 3D culture and enhanced osteogenic differentiation of murine MSCs.38 It was hypothesized that the remodelling of the matrix was sensed by MSCs in real time, which facilitated the adhesion-ligand clustering, cell spreading and proliferation.  
2.3. Topography
It is widely known that the native ECM presents many topographical features including proteins folding and collagen fibers, which play important roles in directing various aspects of cell behaviour such as adhesion, migration and differentiation. On a microscale level, McBeath et al. observed that human MSCs seeded on fibronectin micro-islands of different sizes - 1024 or 10,000 μm2 within polydimethylsiloxane (PDMS) substrate experienced preferential adipogenic differentiation and osteogenic differentiation respectively.39 Subsequently, Peng et al. and Kilian et al. also reported the influence of MSCs on lineage specificity on micropatterened hydrogels through cell adhesion and contractility.40,41 The effects of nanotopography on MSC have also been widely studied. For example, nanoscale ridged surface with groove patterns has shown to induce the differentiation of embryonic stem cells (ESC)s42 and trans-differentiation of MSC43 to neuronal lineages on nano-gratings of 350 nm in width. Similarly, NSC cultured on hierarchically patterned substrate has been reported to form focal adhesions, elongate and differentiate to neural astrocyte lineages.44 More recently, Dalby and colleagues interrogated the effect of the nanoscale banding or order of surface patterns. They showed that nano-pits of 120 nm-diameter and 100 nm depth arranged in slightly disordered grids with 50 nm offset led to increased fibrillar adhesion length, mineral production and osteoblastic differentiation of MSCs.45 In contrast, the topographical cues were switched when the pattern changed to square lattices (with minimal offset), resulting in the maintenance of MSC self-renewal ability and multipotency.46 They hypothesized that this observation is related to the reduction in cell adhesion.47 Although underlying mechanisms of how topography influence stem cells are still not well-understood, it can be concluded that topographical features will direct stem cell behaviour at the cell–material interface and can be harnessed to improve the regenerative capacity into tissues or organs. 

For a comprehensive review of the matrices designed to control stem cell fate and function, the reader is referred to these excellent articles.48–52
3. Injectable hydrogels for stem cell-based therapy
Hydrogels can be broadly divided into natural or synthetic material-based, with a distinct set of advantages and disadvantages for each classification. Hydrogels derived from natural polymers generally possess good biocompatibility, biodegradability, and natural binding motifs embedded in their structures. While hydrogels formed by synthetic building blocks typically do not contain biologically active or cell-interactive ligands, they allow for more reproducible control over their chemical and physical properties such as chemical structures, molecular weights, and crosslinking moieties. In the following section, we will describe several commonly used hydrogels based on the following categorization: natural, synthetic and hybrid hydrogels, with emphases on their properties, crosslinking mechanisms, as well as advantages and disadvantages. The chemical structures of the natural and synthetic hydrogel materials described in this review are summarized in Fig. 1. We will also outline the recent developments of representative injectable hydrogel matrices based on these materials for the purpose of stem cell-based tissue engineering. 
3.1. Hydrogels based on natural polymers 

3.1.1. Hyaluronic acid
HA is a linear anionic polysaccharide consisting of repeating units of N-acetyl-D-glucosamine and D-glucuronic acid linked by β(1 - 3) and β(1 - 4) glycosidic bonds. HA is an integral component of the ECM and involved in many cellular processes e.g. motility, angiogenesis, signalling and matrix remodelling. As a tissue scaffold material, HA offers many advantages due to its inherent biocompatibility, water adsorption ability as well as biodegradability, mediated by natural hyaluronidases in the body. Furthermore, animal-free production of HA has been accomplished via microbial fermentation, improving its immunogenicity.53 Despite its favourable characteristics, its broad applicability is limited by several drawbacks such as poor mechanical strength, rapid degradation kinetics and poor cell adhesive properties. To improve the mechanical properties of HA, the most commonly explored strategy is to introduce chemical modifications to enable intra- or intermolecular crosslinking. For example, Chan et al. modified carboxyl groups of HA with N-hydroxysuccinimide (NHS) to yield HA-NHS groups which reacted with free amine groups present on serum proteins forming hydrogels that encapsulate stem cells. These hydrogels can be readily administered by intramyocardial injection with high levels of acute retention (70 - 100%) in the heart tissues.54 Similarly, Shin et al. designed catechol-modified HA which could be crosslinked by oxidation. The direct engraftment of these ASDC-encapsulating hydrogels onto the ischemic myocardium led to increased angiogenesis in vivo.55 Tyramine-substituted HA, which could be crosslinked via an oxidative coupling reaction catalysed by horseradish peroxidase (HRP) and hydrogen peroxide (H2O2), was also developed as injectable cell-laden biomimetic matrices in cartilage tissue engineering.56,57 
Nevertheless, to bypass tedious chemical modifications, another approach to strengthen HA involves blending HA with other polymers, e.g. hydrogel based on a mixture of HA and methylcellulose (MC).58–60 In one of the studies, Ballios et al. fabricated HA-MC hydrogels dissolved in artificial cerebrospinal fluid for the in vivo transplantation of two types of stem cells – retinal and neural stem cells. They found that the RSC-derived rod photoreceptor in HA-MC matrix showed significantly improved survival and engraftment than saline after transplantation in the retina of adult mice. Injection of HA-MC with α-aminoadipic acid (AAA) led to prominent integration of RSCs in the outer neural layer and emergence of maturation morphology (Fig. 2A). In addition, HA-MC also enhanced NSCs survival post-transplantation. The number of viable NSCs in HA-MC scaffold was increased as compared to in artificial cerebrospinal fluid (aCSF) immediately after injection into mouse brain. The survival of NSCs was greater when directly injected into the stroke site than the caudal site. In a mouse stroke injury model as measured by the foot fault assay, the administration of NSCs-laden HA-MC resulted in the regaining of motor functions after 34 days. In contrast, the control and NSCs embedded in aCSF treatment groups experienced no significant recovery (Fig. 2B). These results demonstrated the efficacy of HA-MC matrix in supporting stem cell survival and engraftment upon adminstration.58 
On the other hand, to promote stem cell attachment and anchorage to HA-based scaffolds, cell adhesion peptides, such as the peptide sequence Arg-Gly-Asp (RGD), have been added. In one example, Lam et al. synthesized HA hydrogels containing RGD as supporting matrix to deliver IPS-derived neural progenitor cells to the infarct cavity of stroked mice which led to the enhancement in the differentiation to neuroblasts.61 Similarly, Adil et al. designed hydrogels using RGD-functionalized HA and heparin, which drastically increased the post-injection maturation and survival of the loaded human pluripotent stem cell-derived midbrain dopaminergic neurons in the rat striatum.62

3.1.2. Collagen
Collagen is the most abundant protein constituent in the human body. Its molecular structure is comprised of three intertwined polypeptide helical chains held together by the hydrogen bond and covalent bonds. Among the 28 identified types of collagen, type I collagen is the most ubiquitous (> 90%), forming the primary structural component of many tissues. Hence collagen hydrogels are typically made of type I collagen. The multiple benefits of collagen, including its biocompatibility, bioactivity, presence of endogenous RGD binding domains and biodegradability make it a very attractive biomaterial for regenerative medicine. Guan et al. evaluated the effect of human MSC delivery within collagen matrices into cranial cavity in rates post-traumatic brain injury and found improved engraftment, cell survival and reduced cell diffusion to nonspecific organs as compared to MSC alone.63 It was suggested that collagen provided an extracellular matrix with both structural support to retain the cells and that multiple bioactive cues to promote cell adhesion and cell-matrix interactions. Nevertheless, there are also some drawbacks of collagen hydrogels, such as its poor physical strength and mechanical properties, high synthesis cost, and inherent immunogenic responses. In order to improve its physical properties, chemical crosslinking is a widely adopted strategy, by reacting with glutaraldehyde, transglutaminases and carbodiimides among others. For example, Hoban et al. synthesized collagen hydrogels as a scaffold for MSC. Upon injection of these collagen matrices containing glial cell line-derived neurotrophic factor (GDNF)-overexpressing MSCs to the rat brain, they reported high tolerance of these scaffolds and reduction in the enlistment of both microglia and astrocytes at the site of delivery.64 Collagen is also often used in combination with other natural polymers to modulate stem cell functions and integration into host tissue. For instance, Lee et al. prepared a composite hydrogel comprising a mixture of collagen, HA and fibrinogen which supported the proliferation of synovium-derived MSCs.65 These cell-encapsulating composite hydrogel matrices produced a hyaline-like cartilage construct that successfully repaired an osteochondral defect in a rabbit model upon transplantation.
3.1.3. Gelatin

Gelatin is a protein naturally derived from collagen degradation. Being the amorphous form of collagen with the same amino acid sequence, it lacks the triple helical structure. On the other hand, it contains both RGD moieties and matrix metalloproteinase (MMP) target sequences which could facilitate cell adhesion and remodelling respectively. Gelatin solution undergoes temperature-responsive self-gelation at temperatures of approximately 30°C and below through intramolecular physical interactions.66 However, as physically crosslinked gelatin hydrogels are not stable at physiological temperatures, covalent crosslinking of chemically-modified gelatin hydrogels is usually preferred for regenerative medicine applications. For example, hydroxyphenylpropionic acid was conjugated to the free amines to allow covalent crosslinking via enzyme-mediated oxidative coupling of phenol moieties. Lim et al. reported that adult NSCs encapsulated in these gelatin hydrogels demonstrated preferential differentiation toward neuronal rather than astrocytic lineage.29 In another work by Lee et al., scaffolds comprising of murine MSCs-containing crosslinked gelatin hydrogel within polyvinyl alcohol (PVA) were prepared and implanted subcutaneously in mice. They observed that gelatin hydrogels led to greater MSC retention and enhanced endothelial differentiation as compared to control, contributing to robust vascularization.67
3.1.4. Alginate

Alginate is an anionic, unbranched polysaccharide, made up of repeating units of β-D-mannuronic acid and α-L-glucuronic acid residues and typically derived from brown algae. Alginate is known for its unique ability to form physical hydrogels via crosslinking by divalent cations such as Ca2+ at room temperatures, making it amenable to stem cell encapsulation as well as recovery at a later stage.68 Owing to its favourable properties such as biocompatibility, relative low cost, non-immunogenicity, alginate hydrogels are considered a suitable biomaterial for a variety of tissue engineering applications.68 However, unlike collagen and gelatin, alginate has inherently poor cell adhesiveness. Thus alginate must be either modified with an adhesive ligand such as RGD or blended with other polymers with cell binding affinity to support cell attachment.69–71 For example, Roche and co-workers showed that RGD-modified alginate facilitated the retention of human MSCs upon injection into infarct tissues in rats after myocardial infarction.71 On the other hand, Zhang et al. developed a composite hydrogel comprising of alginate and HA. These matrices promoted the proliferation of human umbilical cord MSCs in vitro and led to greater cell survival, differentiation and neural tissue regeneration after administration into lesion site in a rat traumatic brain injury model.72 Beside poor cell adhesion, another drawback of alginate is its limited biodegradability by mammalian enzymes. To overcome this, partial oxidation of alginate polymer chains using sodium periodate has been implemented, making it susceptible to hydrolysis.73 Using this system, Kim et al. injected human ADSCs-laden alginate hydrogels in the chest wall of mice and observed that in 10 weeks, new living adipose tissue was generated, accompanied by the formation of capillaries that grew alongside the adipocytes.74 Fonseca et al. adopted another approach in which an MMP-sensitive peptide was introduced within the alginate gels that can be cleaved by MMPs secreted by the entrapped MSCs. Upon subcutaneous implantation in mice, human MSC-laden MMP-sensitive alginate hydrogels exhibited greater degradation and host tissue invasion than their MMP-insensitive counterparts. Moreover, new collagenous ECM production by the MSCs and some vasculature formation were noted.75
3.2. Hydrogels based on synthetic polymers

3.2.1. Poly(ethylene glycol)–poly(lactic acid–co–glycolic acid) (PEG–PLGA) block copolymers
Poly(ethylene glycol) (PEG) is one of the most widely studied polymer for biomedical applications because of its non-toxicity, low immunogenicity and biocompatibility.76 In 1997, Jeong and colleagues first reported that amphiphilic block copolymers of PEG and poly(L-lactic acid) exhibit a temperature-sensitive reversible gelation behaviour in aqueous solution.77 Their pioneering work has sparked the development of a research area on in situ gelling systems based on thermo-responsive and biodegradable PEG-polyester block copolymers. Much of the early research has been focused on block copolymers containing poly(lactic acid–co–glycolic acid) (PLGA) segments, mainly due to several benefits of PLGA including the demonstrated biocompatibility and controllable biodegradability.78 Various block copolymers of PEG and PLGA, such as PEG–b–PLGA–b–PEG, PLGA–b–PEG–b–PLGA, PLGA–g–PEG and four‐arm PEG–b–PLGA, have been synthesized and found to undergo sol-to-gel transition with raising temperature, via the increased polymer-polymer interaction and micellar aggregation.79–81 The sol-gel transition temperature, also known as the critical gel temperature, could be modulated by adjusting the molecular parameters of block copolymers, such as the length of each block, lactide/glycolide ratio in the PLGA block, and polymer topology (e.g., linear, star-shaped or branched).82,83 

In vivo studies have confirmed the thermogelling property and biodegradability of PEG–PLGA–PEG triblock copolymer. Upon subcutaneous injection in rats, the copolymer solution (33 wt%) rapidly formed a transparent hydrogel with good mechanical strength.84 This hydrogel underwent a gradual hydrolytic degradation (30% mass loss over 1 month), with no sign of severe inflammation at the injection site. Such characteristics prompted the use of PEG–PLGA–PEG system as an injectable scaffold for long-term tissue regeneration. Another advantage of this thermogelling system is that cell encapsulation can be performed under mild conditions, without the need for any additional catalysts or chemicals which may damage the encapsulated cells.
Lee et al. evaluated the effect of PEG–PLGA–PEG triblock copolymer hydrogel on the engraftment of muscle-derived stem cells (MDSCs) in a diabetic mouse wound model.85 When the wound was treated using MDSCs overlaid with PEG–PLGA–PEG hydrogel, about 30% of the transplanted cells were remained in the wound at day 9. By contrast, less than 1% of the transplanted cells were remained at day 9 when the wound was treated with MDSCs overlaid with Humatrix, a clinically available hydrogel dressing, or the cells alone. Improved re-epithelialization, collagen deposition and wound closure were observed in the mice treated with PEG–PLGA–PEG hydrogel and MDSCs, suggesting that this hydrogel enhanced healing of the diabetic wound by retaining the cells at the wound site for longer periods of time. 

PLGA–PEG–PLGA triblock copolymer hydrogel has also been investigated as an injectable scaffold for tissue regeneration. Chen and colleagues reported PLGA–PEG–PLGA hydrogel carrying bone marrow-derived MSCs (BMSCs) and kartogenin (KGN), a chondrogenic small molecule, for cartilage regeneration (Fig. 3).86 In vitro study verified the biodegradability (20% mass loss in PBS for 30 days) and sustained release behaviour (42% of KGN liberated in 196 h) of the hydrogel. For in vivo study, a full-thickness articular cartilage defect was filled with the hydrogel solution and treated with infrared hyperthermia for 30 s to promote gelation. Immunohistochemical analysis revealed that KGN/BMSCs co-loaded hydrogel induced a better cartilage repair with most efficient deposition of collagen II (COL II) and other ECM components, compared to either KGN- or BMSC-loaded hydrogel at 12 weeks post-operation. The sustained release of KGN was thought to contribute to the enhanced cartilage regeneration by stimulating chondrogenic differentiation of BMSCs for a prolonged time. 

Despite the aforementioned benefits of PEG–PLGA–PEG hydrogels, there are still concerns on the local pH drop occurring within these hydrogels during degradation.87 Upon in vivo administration, PLGA typically undergoes bulk degradation by ester hydrolysis and produces acidic monomers (i.e., lactic acid, glycolic acid) and oligomers in the degradation process. The accumulation of such degradation products can create acidic microenvironment within PEG–PLGA–PEG hydrogels, which potentially damages encapsulated cells and bioactive agents.88 For this reason, attention has shifted to the development of in situ gelling polymers based on other biodegradable polyesters. 


3.2.2. Poly(ethylene glycol)–poly(ε-caprolactone) (PEG–PCL) block copolymers
Another important class of in situ gelling systems are block copolymers consisting of poly(ε-caprolactone) (PCL) and PEG.89 When compared with PLGA, PCL exhibits slower degradation rates, allowing for its potential use as longer-lasting biomaterials. Moreover, the degradation products of PCL (e.g., 6-hydroxyhexanoic acid) induce weaker acidification than those of PLGA, thereby helping to avoid the local pH drop commonly observed in the latter.80
Kim et al. has developed a series of methoxy PEG–b–PCL (MPEG–PCL) diblock copolymers as in situ gel-forming scaffolds.90–92 Of note, MPEG–PCL copolymers were synthesized by the ring‐opening polymerization of ε-caprolactone using HCl · Et2O as a monomer activator, thus avoiding the use of metal catalysts, which are expensive and difficult to remove.91 The critical gel temperature could be controlled by varying the molecular weight of PCL chain in the copolymer. To examine the feasibility of MPEG–PCL hydrogels for bone tissue engineering, SD rats were injected subcutaneously with MPEG–PCL solutions containing rat BMSCs and various doses of dexamethasone, a synthetic glucocorticoid for osteoinduction.92 While only marginal mineralization was observed for MPEG–PCL hydrogels containing BMSCs alone after 4 weeks, the hydrogels containing both BMSCs and dexamethasone enhanced the production of mineralized matrix with increasing doses of dexamethasone. This result suggests that the dexamethasone-loaded hydrogel scaffolds provided suitable extracellular environment for the osteogenic differentiation of BMSCs. More recently, MPEG–PCL hydrogels containing multiple osteogenic factors (a mixture of β-glyceraldehyde-3-phosphate, L-ascorbic acid, and dexamethasone) were applied to promote osteogenic differentiation of human turbinate MSCs in mice.93 Another study described in vivo myogenic differentiation of adipose tissue derived stem cells within MPEG–PCL hydrogels carrying vascular endothelial growth factor (VEGF).94 
Although MPEG–PCL hydrogel has proven useful for stem cell delivery as stated above, it has a drawback of relatively long degradation time. For example, this hydrogel was reported to maintain its integrity even 10 months after subcutaneous injection in rats. The poor biodegradability can be a great concern as it poses the risk of long-term polymer accumulation in the body, especially when repeated injections of MPEG–PCL hydrogel are required. Kang et al. attempted to improve the biodegradability of MPEG–PCL hydrogel by incorporating poly(L-lactic acid) (PLLA) into the PCL segment.88 In this study, MPEG-b-(PCL-ran-PLLA) diblock copolymers with varying PLLA contents (0–10 mol%) in the PCL segment were synthesized by random copolymerization of ε-caprolactone and L-lactide using MPEG as a macroinitiator. Only the copolymers with PLLA contents < 5 mol% exhibited sol-to-gel transition with raising temperature, suggesting that inclusion of PLLA disturbed the aggregation of hydrophobic PCL blocks in water. X-ray diffraction analysis further confirmed that the crystallinity of the copolymer decreased with increasing PLLA contents. As compared with MPEG–PCL hydrogel, MPEG-b-(PCL-ran-PLLA) hydrogel showed more accelerated degradation in rats, with adjustable residence time from a few weeks to a few months through variation of PLLA contents. 
3.2.3. Self-assembling peptides  
Self-assembling peptides (SAPs) are a category of synthetic peptides engineered to spontaneously assemble into ordered nanostructures. Over the last decades, SAPs have gained a great deal of attention as building blocks for injectable hydrogel scaffolds due to their ease of manufacturing, biodegradability, biocompatibility and versatility in design and functional properties.95 In contrast to most polymeric hydrogels, SAP hydrogels build a nanofibrous network structure that recapitulates the spatial features of the natural ECM and allows encapsulated cells to proliferate and migrate in a more physiologically relevant environment. Since the self-assembly is governed by readily reversible, non-covalent molecular associations, SAP hydrogels exhibit shear-thinning and rapid recovery behaviours, making them attractive as injectable ECM-mimetic scaffolds. 
The earliest discovery of SAP hydrogels dates back to 1993 when Zhang and colleagues reported the salt-induced self-assembly of the β-sheet forming oligopeptide EAK16 (AEAEAKAKAEAEAKAK; E=glutamic acid; A=alanine; K=lysine) into a macroscopic meshwork of interwoven filaments with 10-20 nm in diameter.96 EAK16 and its derivatives, such as RADA16‐I (RADARADARADARADA; R=arginine; A=alanine; D=aspartic acid) and RADA16‐II (RARADADARARADADA), share common features in that they contain alternating hydrophilic and hydrophobic amino acids (Fig. 4A). These peptides spontaneously fold into sandwich-like β-sheet structures with two distinct faces: one with a two-dimensional array of hydrophobic alanine residues and the other with positively charged arginine and negatively charged aspartic acid. These β-sheets can be packed together through hydrophobic interactions between two adjacent alanine arrays and arginine-aspartate ion pairing. This sequence of events leads to the assembly of thousands of peptide molecules into individual nanofibers that further form a fibrous scaffold.97 

RADA16‐I hydrogel, now commercially available as PuraMatrix®, has shown to promote osteogenic differentiation of MSCs,98 dopaminergic differentiation of ESCs,99 dental pulp regeneration100 and in vivo myocardial repair.101 However, RADA16‐I hydrogel lacks specific cell signalling motifs, limiting its broad applications. Therefore, extensive efforts have focused on modifying RADA16‐I peptide with bioactive motifs involved in diverse physiological processes, such as cell attachment, proliferation and differentiation.102–104 One such example is RADA16‐I peptide conjugated with IKVAV motif of laminin-1, which can serve as a signal to guide neuronal cell attachment and differentiation.105 In vitro studies revealed that NSCs cultured inside the IKVAV-modified hydrogel (RADA16‑IKVAV) began neuronal differentiation earlier than those in the unmodified hydrogel. To establish a rat model of traumatic brain injury, wounds (2 mm deep and 2 mm wide) were created in the right and left hemisphere using a biopsy punch (Fig. 4B-4D). RADA16‑IKVAV peptide solutions with or without NSCs were injected into the wound site. RADA16‑IKVAV was found to form stable hydrogels within a few seconds upon injection. Histological analysis showed that the hydrogels still remained in the wound site at 1 week post-injection (Fig. 4E). In the 6-week period, the damaged brain was significantly regenerated by the treatment of RADA16‑IKVAV hydrogel with NSCs. On the other hand, RADA16‑IKVAV hydrogel alone and saline solution failed to heal the wounds during the same period. These results implicate that RADA16‑IKVAV hydrogel offers an environment favourable for the survival, migration and neuronal differentiation of the transplanted NSCs. 

In addition to β-sheet forming peptides, many different SAPs have been increasingly developed as injectable hydrogel scaffold. Representative examples include α-helical peptides, β-hairpin peptides, multidomain peptides, di-phenylalanine, and peptide amphiphiles with alkyl chains.106–108 The intrinsic biodegradability, biocompatibility and ECM-mimetic nanofibrous architecture make SAP hydrogels promising candidates as scaffolds for stem cell delivery and tissue regeneration. However, challenges still exist for clinical translation of SAP hydrogels, particularly regarding the cost of manufacturing peptides at the industrial scale.109 Development of low-cost peptide synthesis methods or rational design of short-chain SAPs, such as ultrashort peptides with 3–7 aliphatic amino acids,97 can be a viable solution to overcome this problem.

3.3. Natural-synthetic hybrid hydrogels 
3.3.1. Collagen–polyamidoamine dendrimer
Stem cells for tissue engineering applications often require growth factors for robust proliferation and long-term survival. Some of the most widely selected growth factors include transforming growth factor-beta (TGF-β), morphogenetic protein-2 peptide analogue (BMP-2), and fibroblast growth factor-2 peptide analogue (FGF-2).4,110 However, most of the growth factors are poorly retained in the matrices and have short half-lives in vivo. 

To address this shortcoming, Lee et al. recently developed a hybrid hydrogel scaffold comprising of collagen fibers that are crosslinked via polyamidoamine (PAMAM) dendrimers to peptide analogues of BMP-2, erythropoietin peptide analogue (EPO) and FGF-2 respectively and subsequently combined in a mixture (abbreviated as ColxDxPep) (Fig. 5A).111 PAMAM is a highly-branched, water soluble, and biocompatible synthetic polymer that has numerous amine terminals for easy functionalization.112 In this case, the multivalency of PAMAM was exploited for conjugation to multiple peptide molecules leading to enhanced loading capacity. They found that immobilization of the peptides led to a sustained release of these pro-survival bioactive molecules which are critical for stem-cell based regenerative applications.111 In a hind-limb ischaemia mouse model, they injected mouse BMSCs embedded in ColxDxPep into gastrocnemius muscle of SCID mice after femoral artery ligation and detected marked improvement in perfusion and distinct revascularization, unlike the poor state of recovery in the case of BMSCs injected with either PBS or peptides (Fig. 5B). 

To access the efficacy of stem cells with ColxDxPep matrix for heart tissue repair, they further performed intramyocardiac injections of cardiac progenitor cells (CPC)s containing hydrogels in mice after surgically induced myocardial infarction. Fluorescent analysis confirmed the integration of GFP-expressing CPCs in the heart tissues 30 days after transplantation, which was in part due to the activation of survival signalling pathways (Fig. 5C). In addition, monitoring of the left ventricular wall structure by quantitative magnetic resonance imaging (MRI) revealed a significant enhancement in the remodelling of ventricular wall after 2, 4 and 8 weeks after heart injury. This was further supported by the observation of robust viable cardiac tissue development by histological analysis (Fig. 5D). Taken together, this work demonstrated the therapeutic potential of this hybrid collagen and peptide hydrogel matrix, which promoted the survival and engraftment of several cell types in vivo, contributing to the functional improvements in two animal injury models of hind-limb ischaemia and myocardial infarction. 
3.3.2. Gelatin–poly(N-isopropylacrylamide)
Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most widely studied thermosensitive polymers. PNIPAAm is soluble in water below 32 °C, but becomes hydrophobic and precipitates above 32 °C, the so-called lower critical solution temperature (LCST).79 This precipitation is known to be driven by a thermally induced coil-to-globule transition and aggregation of PNIPAAm polymer chains.113 In spite of the attractive thermo-gelling property, PNIPAAm has some disadvantages, such as non-biodegradability and lack of cell-binding motif essential for cellular adhesion and proliferation. 
Ren et al. attempted to address the limitations of PNIPAAm by combining it with gelatin, a natural polymer having both cell-binding and proteinase-degradable motifs.114 To this end, gelatin was first modified with α-bromoisobutyric acid using the carbodiimide coupling chemistry (Fig. 6A). The resultant conjugate (Gel−Br) was used as a macroinitiator for the atom transfer radical polymerization (ATRP) of NIPAAm monomers, leading to the formation of PNIPAAm-grafted gelatin (Gel-PNIPAAm). UV transmittance measurement revealed that the phase transition of Gel−PNIPAAm occurred at higher temperature (35 °C) than PNIPAAm, reflecting the successful conjugation of a hydrophilic gelatin component with PNIPAAm chains (Fig. 6B). 

The feasibility of Gel−PNIPAAm hydrogel for bone tissue regeneration was evaluated in a rat model of cranial bone defect. Gel−PNIPAAm solution (10 wt%) with or without BMSCs was injected into the critical-sized (5 mm in diameter) circular defect on rat calvarium. Micro-computed tomography (micro-CT) showed that Gel−PNIPAAm hydrogel containing BMSCs (hydrogel+BMSC) induced faster healing of the bone defect than Gel−PNIPAAm hydrogel alone and the untreated control (empty defect) at 4 and 12 weeks post-operation (Fig. 6C). For the hydrogel+BMSC group, the boundary between the defect site and host bone was hardly recognizable after 12 weeks. Quantitative analysis of the bone volume/total volume (BV/TV) ratio proved the highest rate of bone regeneration in the hydrogel+BMSC group, followed by the hydrogel group and the control group. Notably, BV/TV ratio had reached up to about 80% in the hydrogel+BMSC group during 12 weeks, suggesting that the in vivo-formed Gel−PNIPAAm hydrogel gradually degraded and the volume removed was replaced with regenerated bone tissue. These results demonstrated that the injectable and biodegradable Gel−PNIPAAm hydrogel served as a proper substrate for BMSCs to induce new bone formation in vivo. 
4. Next-generation hydrogel systems
Conventional hydrogel designs enabled the precise control of mechanical properties, degradation rates and internal structures, which have contributed to a better understanding of stem cell behaviour in response to these changes. However, it is generally accepted that they fail to recapitulate the dynamic nature of the in vivo environment.115,116 Recent research efforts have thus focussed on “smart”, dynamic hydrogels that go beyond simple mechanical control and have the capability to respond to the environment or to external triggers such as light, temperature, pH etc, to alter cellular interactions.115,117,118 These next-generation dynamic hydrogel systems can provide stem cells with the appropriate environment in a time-dependent manner and/or deliver various mechanical or biochemical cues at different stages of tissue modulation. In this section, we will highlight two of such hydrogel developments that have been applied for stem cell-based therapy with some encouraging in vivo results.
4.1. Hydrogels that modulate microenvironment
Apart from providing structural support and biomechanical signals to facilitate stem cell proliferation and differentiation, another function of hydrogel scaffolds that has been recently explored is to modulate the microenvironment through the elimination of components potentially harmful to cells like reactive oxygen species (ROS). To this end, Hao et al. designed an injectable composite hydrogel matrix comprising of fullerenol nanoparticles interspersed in crosslinked alginate hydrogel with antioxidative capability for the delivery of rat brown ADSCs (BADSC)s to treat myocardial infarction (Fig. 7A).119 The high antioxidant activity of the fullerenol/alginate hydrogel was revealed in the scavenging effect on free radicals in vitro. In the presence of the oxidative stress inducer H2O2, BADSCs embedded in fullerenol/alginate hydrogels exhibited abundant expression of cardiomyocyte-specific proteins and/or genes such as cardiac troponin (cTnT) and α-sarcomeric actinin (α-actinin), indicating the successful induction of cardiomyogenic differentiation (Fig. 7B). Upon intramyocardial injections of fullerenol/alginate hydrogels containing BADSCs in infarcted hearts of rats, they observed significant improvement in survival after 24 h compared to injections of BADSCs in alginate or PBS (Fig. 7Ci). Furthermore, the ROS generation associated with myocardial injury was suppressed as evident from the limited activation of ROS dyes - dihydroethidium (DHE) and 2’,7’-dichlorofluorescin diacetate (DCHF-DA) intracellularly (Fig. 7Cii and iii). Lastly, the effect of the hydrogel scaffold on ventricular wall remodelling was evaluated after 4 weeks post-injection. They discovered that only the BADSC-laden fullerenol/alginate hydrogels significantly reduced the infarct size and increased the wall thickness of the infarct zone, unlike the PBS or alginate hydrogel counterparts (Fig. 7D). Overall, this work represents an innovative approach to designing hydrogel scaffolds that enhance therapeutic efficacy in tissue engineering via the modulation of the in vivo microenvironment.
4.2. Biomimetic hydrogels 
Besides microenvironment modulation, hydrogels can serve as biomimetic matrices for the development of the encapsulated stem cells. Engineering of such favourable microenvironments can be achieved via immobilization of regulatory signalling peptides.9,111 More specifically, in the case of stem cell-based treatments for ischemia, proangiogenic factors such as insulin-like VEGF and growth factor (IGF-1C) can be incorporated to promote neovascularization and restoration of blood flow. Using this approach, Wang and colleagues recently developed a natural composite hydrogel comprising of chitosan (CS) and HA with the immobilization of the C domain peptide of IGF-1C in the matrix (Fig. 8A).120 This hydrogel (CS-HA-IGF-1C) was synthesized by a two-step process in which the IGF-1C was first coupled to aldehyde HA, followed by crosslinking with succinyl-chitosan via Schiff base chemistry. The inclusion of IGF-1C within hydrogels led to the upregulation of proangiogenic genes of encapsulated ADSCs in vitro. In an ischemic hind limb mice model, they demonstrated that the transplantation of ADSCs in the CS-HA-IGF-1C hydrogel scaffold resulted in greater survival and retention as compared to ADSCs alone or ADSCs in composite gels without IGF-1C (Fig. 8B). More importantly, blood perfusion in the injured limb of mice treated with CS-HA-IGF-1C hydrogel showed remarkable improvement after 21 days, leading to accelerated limb regeneration (Fig. 8C). In contrast, other treatment groups exhibited only modest increase in blood flow and recovery. Furthermore, the ADSCs in CS-HA-IGF-1C were also observed to promote vascularization and proliferation of muscle cells, which supported the vascular remodelling and limb tissue regeneration. Taken together, this study provides a notable example of the strategy of using biomimetic hydrogel scaffolds to elicit paracrine response from the embedded stem cells that would contribute to an augmented therapeutic outcome.
5. Summary and Outlook

The interest in injectable hydrogels for tissue engineering has been growing rapidly over recent years as they exhibit superiority over pre-fabricated scaffolds, such as greater accessibility to sites of injury, minimal invasiveness and high patient compliance. In this review, we have provided a summary of the recent progress in the design of injectable hydrogels for stem cell-based regenerative medicine approaches, with an emphasis on the choice of materials, gelation mechanisms and the resultant hydrogel properties, all of which enable their use as biocompatible scaffolds for stem cell administration.
Lately we have witnessed significant research efforts in stem cell-based therapy for the repair and restoration of tissues and/or organs affected by chronic and degenerative diseases, which have propelled a number of such treatment strategies to clinical trials. However, these attempts have been met with limited clinical success.18,121 While progress in stem cell research have led to a better understanding of the biology and signalling pathways that direct stem cell behaviour, numerous challenges still remain, most notably in terms of maintenance of “stemness” and expansion in culture, robust control of stem cell fate in the designated environment and the delivery of viable and functional stem cells to the site of injury.122
Bioengineered materials, including hydrogels, could offer solutions to address some of these challenges. As described in this article, hydrogel matrices could regulate the fate and function of stem cells by presenting various mechanical, topographical or biochemical cues. Nevertheless, the underlying mechanisms of stiffness and topographical regulation of stem cell behaviour are still not well-understood and will require further investigation.50,123 Demonstrating precise nanoscale control of matrix-stem cell interface could be important to elucidate the manner in which stem cells process the information obtained from sensing the materials. Apart from directing stem cell behaviour, another advantage of using hydrogel scaffolds for stem cell applications is to provide a favourable microenvironment to promote cell survival after injection. While most conventional hydrogel designs were mostly “static” in nature, next-generation dynamic hydrogel systems that are responsive to external stimuli have been gaining traction.115,118 It is predicted that such hydrogel matrices could better mimic the physiological condition. Looking ahead, it will be important for future studies to access how the different aspects of stem cell behaviour, such as proliferation and differentiation, can be regulated by spatiotemporal control of the hydrogel scaffolds in which the cells reside. In addition, the modes of communication between stem cells and the microenvironment in vivo should also be examined to understand the mechanisms of hydrogel matrix remodelling mediated by the cells. To sum up, with the continuous progress in the design of more advanced and smarter hydrogels, it is likely that such injectable hydrogel scaffold will play a major role in the clinical translation of stem cell-based therapy in the future.
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Fig. 1 Chemical structures of representative natural and synthetic polymers used for preparation of injectable hydrogels. (A) Hyaluronic acid; (B) Alginate; (C) Gelatin; (D) PLGA–PEG–PLGA; (E) MPEG–PCL.
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Fig. 2 (A) (i) HA-MC hydrogel promoted the survival of retinal stem cell (RSC)-derived rods, as well as enhanced the maturation and integration in the retina of adult mice 3 weeks post-transplantation as compared to saline control. Inverted epifluorescent image of 28-day RSC-derived rods transplanted (ii) in saline + α-aminoadipic acid (AAA) and (iii) in HA-MC + AAA. Arrows indicate the extension of processes toward the outer plexiform layer and outer regions. Scale bars = 50 mm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium layer; SRS, subretinal space. (B) HA-MC enhanced neural stem cell (NSC) survival post-transplantation and led to recovery from stroke injury. (i) NSCs in HA-MC showed significantly higher survival at time 0 after transplantation in mice brain as compared to artificial cerebrospinal fluid (aCSF). This was confirmed by (ii) representative image of transplanted cells in HA-MC and aCSF respectively. Scale bar = 200 µm. (iii) Only mice transplanted with NSCs in HA-MC demonstrated behavorial recovery after stroke injury as determined by recovery from foot fault. All data are mean ± S.E.M.; *p < 0.05, n = 6. Reprinted with permission from ref. 58. Copyright (2013) Elsevier Ltd.
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Fig. 3 (A) Schematic diagram illustrating cartilage regeneration with KGN/BMSC co-loaded PLGA−PEG−PLGA hydrogel. (B) H&E stained images of repaired cartilage at 12 weeks. Scale bar: 500 μm. (C) ICRS visual histological scores for repaired cartilages at 12 weeks. Mean ± SD (n = 5; **P < 0.01 ***P < 0.001). Reprinted with permission from ref. 86. Copyright (2016) American Chemical Society.
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Fig. 4 (A) Schematic illustration of the self-assembly and hydrogel formation of β-sheet forming oligopeptides, including the commercially available RADA16-I peptide (PuraMatrix®). An electron microscopic image of the nanofibrous PuraMatrix scaffold is shown on the right. Reprinted with permission from ref. 95. Copyright (2012) Elsevier Ltd. (B and C) Surgical procedures to prepare a rat model of traumatic brain injury. (D) Diagram showing the wounds (2 mm deep and 2 mm wide) in the right and left hemisphere of the rat brain. (E) H&E stained coronal sections of brain tissues over 6 weeks after surgery. The yellow arrows indicate hydrogels remaining in the wounds. Scale bar = 200 μm. Reprinted with permission from ref. 105. Copyright (2013) Elsevier Ltd.
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Fig. 5 (A) A schematic showing the synthesis of ColxDxPep for the in vivo delivery of stem cells. (B) Assessment of limb perfusion after injection of BMSC-laden Col×D×Pep in an ischaemic hind-limb severe combined immune-deficient (SCID) mice model. Representative laser Doppler images for the different treatment groups. Arrows indicate the ischaemic limbs on day 14. (C) Assessment of graft function after injection of CPC-laden Col×D×Pep in a SCID model of myocardial infarction. Representative images of hearts from different treatment groups harvested from mice 30 days post-injection. Scale bars = 1 mm. (D) Assessment of left ventricular remodelling in SCID mice after injection of CPC-laden Col×D×Pep. Representative images of left ventricular tissues of mice receiving CPCs in various formulations after haematoxylin and eosin (top) and Masson’s trichrome (bottom) staining. Blue on the Masson’s trichrome tissue indicates scar tissue. All data are mean ± S.D. (n = 6). **P < 0.01, *P < 0.05 compared to other groups. Reprinted with permission from ref. 111. Copyright (2018) Springer Nature.





�


Fig. 6 (A) Synthesis of PNIPAAm-grafted gelatin (Gel-PNIPAAm) through atom transfer radical polymerization (ATRP). (B) Analysis of the phase transition behavior of PNIPAAm and Gel−PNIPAAm solution (5 mg/mL) based on UV transmittance at 350 nm. (C) Representative micro-CT images of rat cranial bone defects (a−g) and quantification of the bone volume/total volume (BV/TV) ratio (h) at 4 and 12 weeks post-operation. The arrows highlight the edges of host bone tissue. Scale bar = 5 mm. Mean ± SD (*P < 0.05 and **P < 0.01). Reprinted with permission from ref. 114. Copyright (2015) American Chemical Society.
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Fig. 7 (A) Preparation and properties of hydrogel comprising of fullerenol nanoparticles interspersed in crosslinked alginate. (A) (i) Formation and molecular structure of fullerenol/alginate hydrogel (B) Effects of fullerenol/alginate hydrogel on differentiation of BADSCs under oxidant stress towards cardiomyogenic lineage. Immunofluorescence staining of cardiac troponin (cTnT) expression in BADSCs cultured in fullerenol/alginate hydrogel at day 7 and 14 in the presence of H2O2. Scale bars = 50 µm (C) Representative images of heart sections with the injected BADSCs labelled with CellTracker™ CM-Dil (red) and with ROS labelling agents (ii) DHE (red) and (iii) DCFH-DA (green) across various treatment groups 24 h post-injection. Scale bars = 50 µm (D) Evaluation of morphology of infarcted hearts after various BADSC containing treatments and blank control. Masson’s trichrome staining images of infarcted hearts for (i) blank, (ii) PBS + BADSCs, (iii) Alg + BADSCs, and (iv) fullerenol/Alg + BADSCs. Scale bars = 200 µm Reprinted with permission from ref.119. Copyright (2017) American Chemical Society.
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Fig. 8 (A) Schematic illustration depicting the formation of the ADSC-laden injectable composite hydrogel, comprising of immobilized C domain peptide of insulin-like growth factor (IGF-1C) in the matrix of HA and chitosan (CS). (B) The ADSC retention and survival in CS−HA−IGF-1C scaffold were longitudinally monitored and quantified by fluorescent imaging. Data are mean ± S.E.M. *P < 0.05 vs ADSCs; #P < 0.05 vs ADSCs/CS−HA.  (C) Representative laser Doppler perfusion images of mice subjected to limb ischemia after various treatments at designated time-points. The far right panels depict the representative photographs showing the recovery of damaged hind limbs 21 days postischemic insult. Reprinted with permission from ref.120. Copyright (2018) American Chemical Society.
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