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Abstract

Biomaterials are key factors in regenerative medicine. Matrices used for cell delivery are 

especially important, as they provide support to transplanted cells that is essential for promoting 

cell survival, retention, and desirable phenotypes. Injectable matrices have become promising and 

attractive due to their minimum invasiveness and ease of use. Conventional injectable matrices 

mostly use hydrogel precursor solutions that form solid, cell-laden hydrogel scaffolds in situ. 

However, these materials are associated with challenges in biocompatibility, shear-induced cell 

death, lack of control over cellular phenotype, lack of macroporosity and remodeling, and 

relatively weak mechanical strength. This Progress Report provides a brief overview of recent 

progress in developing injectable matrices to overcome the limitations of conventional in-situ 

hydrogels. Biocompatible chemistry and shear-thinning hydrogels have been introduced to 

promote cell survival and retention. Emerging investigations of the effects of matrix properties on 

cellular function in 3D provide important guidelines for promoting desirable cellular phenotypes. 

Moreover, several novel approaches are combining injectability with macroporosity to achieve 

macroporous, injectable matrices for cell delivery.
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1. Introduction

Tissue engineering and regenerative medicine aim to restore lost tissue structures and 

functions using interdisciplinary approaches from biology, engineering, material science and 

medicine.[1] Remarkable achievements in the past decade have led to tremendous progress in 

translating various cell-based therapies from bench to bedside. The reported clinical trials 

increased from 970 to over 7000 between 2010 to 2015, the number has recently increased 

to over 8000 after 2016, according to the database in clinicaltrials.gov. In contrast to using 

cells alone, biomaterials can serve as three-dimensional matrices for cell delivery to enhance 

the outcomes of tissue regeneration by protecting cells from undesirable shear forces during 

injection, providing structural support, and facilitating desirable cell fates.[2] In addition, 
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biomaterials with optimized biochemical and mechanical properties may also promote cell 

survival and retention, and facilitate cell-mediated tissue-matrix production, vascularization, 

and integration with endogenous tissue[3] Biomaterials for cell delivery can be divided into 

two categories: implantable prefabricated matrices and injectable matrices. Implantable 

matrices are prefabricated solid scaffolds, which must be transplanted through invasive 

surgery. In contrast, injectable matrices can be transplanted in a minimally-invasive manner 

via injection, a procedure that is compatible with current surgical techniques, facilitates 

homogeneous cell encapsulation, and can polymerize in situ to fill defects with irregular 

shapes. Given these benefits, injectable matrices have been widely used for enhancing cell 

delivery and tissue regeneration. Hydrogels are the most commonly used injectable matrices 

for cell delivery, due to their intrinsic injectability, tissue-mimicking water content, and 

tunable biochemical and mechanical properties.[4] Despite extensive efforts and progress in 

developing in-situ hydrogels as injectable matrices, various challenges remain. In this 

progress report, we will first summarize key challenges associated with cell-based tissue 

regeneration, and then review recent progress in developing injectable matrices that 

specifically address those challenges.

2. Challenges associated with cell-based tissue regeneration

2.1 Poor cell survival and retention post-transplantation

Successful cell-based therapy and tissue regeneration are based on high cell survival after 

transplantation, which remain challenging. Although delivering cells via direct injection has 

been preferred in the clinic due to low invasiveness and facile handling, direct injection 

usually results in low cell survival and retention. Cell death after transplantation can be 

caused by cellular shearing during injection, by hypoxic microenvironments with limited 

nutrient supplies, and dynamic mechanical pressure in the recipient tissue. Emerging 

approaches use matrices as carriers to deliver cells, thus supporting transplanted cells and 

improving cell survival and retention, but current materials are usually associated with issues 

that need to be addressed.

Biocompatibility is a concern associated with various materials. For example, naturally 

derived materials such as collagen and Matrigel provide excellent cytocompatibility and 

biodegradation during cell delivery, but are associated with immunogenicity and 

inflammation. In contrast, synthetic in-situ hydrogels provide better control over physical 

and biochemical properties and low immune response. However, some of the chemical 

reactions involved in hydrogel crosslinking interfere with the biological processes of cells, 

which can cause acute or long-term decline in cell survival.

When injected directly without any matrices, cells suffer from undesirable shear force as 

they pass through submillimeter-sized needles. To protect the cells from the undesirable 

shear force-induced cell death, recent studies have examined using hydrogels as delivery 

matrices. [5] Importantly, these studies suggest that the viscoelastic property of the delivery 

matrices is an important parameter that impacts cell viability after injection. [5a] For 

example, injecting cells using uncrosslinked polymer solution with minimal viscosity often 

leads to acute death of majority of transplanted cells. [5a] In contrast, injecting cells with 
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crosslinked matrices with optimized viscoelastic properties substantially improved cell 

survival after injection.[5]

In addition to acute cell death, long-term cell survival and retention can be compromised by 

the premature loss of integrity of matrices, which is influenced by the mechanical property 

and degradation profile of matrices. For example, when transplanted in tissues such as 

cartilage and heart that are subject to constant mechanical stimulation, matrices with poor 

mechanical strength and stability can lead to premature disintegration of the scaffolds and a 

loss of protection for cells. Most natural materials used for cell delivery lack mechanical 

strength and are prone to rapid biodegradation. To solve this issue, there remains a critical 

need to develop injectable matrices with enhanced mechanical strength.[6]

2.2 Lack of control in promoting desirable cell phenotypes

Control over cellular phenotype post-transplantation to promote desirable clinical outcomes 

is yet another challenge, partly due to poor understanding of the effects of matrix niche cues 

on cell phenotype, especially in 3D environments. For decades, phenotype of transplanted 

cells in cell-based therapies relied on soluble factors provided by the innate tissue 

environment or exogenous soluble factors delivered using various drug delivery systems.[7] 

However, recent studies have revealed that dimensionality and insoluble cues of extracellular 

matrix, including biochemical ligands and biophysical properties, modulate cell fate and 

behavior.[8] Identifying and designing cell-delivery matrices with optimal biochemical and 

physical cues can help maintain cell phenotype and promote desired cell functions.

Despite extensive efforts on developing biomaterials as cell-delivery matrices to modulate 

cell phenotype, the efficacy of most injectable matrices developed so far remains 

unsatisfactory. Conventional cell-delivery matrices consisting of natural or nature-derived 

materials could provide excellent biocompatibility and a rich and customizable set of 

biochemical ligands. However, the poor tunability of biophysical and biochemical properties 

of naturally-derived matrices makes it difficult to optimize them to favor the formation of 

specific tissues. These materials also suffer from batch-to-batch variation and poor 

mechanical strength and stability.[9] In contrast, pure or semi-synthetic materials have the 

advantage of better-defined and tunable properties. Nonetheless, efforts are still needed to 

identify the properties that promote desirable outcomes. For example, comprehensive 

validation of the effects of matrix properties such as mechanical properties[10], 

biodegradation[11], and molecular mobility[10a, 12] on cell phenotype is very limited. Further, 

it remains challenging to achieve synthetic materials that fully biomimic the properties of 

natural extracellular matrix (ECM), including physical properties such as stress 

relaxation[13], stress stiffening[14], and the organization of spatial zones [15].

2.3 Lack of macroporosity to facilitate tissue formation

Another bottleneck limiting the application of injectable matrices in tissue engineering is the 

lack of macroporosity. Macroporosity is an essential property of the scaffolds used for tissue 

regeneration, as it allows sufficient nutrient diffusion, promotes the growth of transplanted 

cells or the recruitment of host cells, and enhances tissue formation and vascularization.[16] 

However, most injectable matrices for cell delivery are based on hydrogels, yet conventional 
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hydrogels are characterized by crosslinked molecular networks with mesh size on a 

nanoscale. Current methods of tuning hydrogel properties on changing the crosslinking 

density and concentration will change the mesh size, which can lead to subsequent changes 

in the diffusivity of soluble factors.[17] This can either affect the available nutrients and the 

signaling molecules secretion of the delivered cells, both of which will impact the biological 

microenvironment will further lead to changes in cell behaviors. Furthermore, cells are 

physically confined in the nano-sized meshes after being encapsulated in hydrogels. As 

such, the lack of macroporosity hinders the adoption of cellular fates that are desirable for 

tissue regeneration. Currently, macroporosity is introduced via porogen leaching[18], gas 

foaming[19], polymer phase separation[20], and 3D printing technologies[21], which can only 

be performed in vitro for scaffold fabrication. Thus, engineering approaches are required to 

introduce macroporosity to injectable matrices for cell delivery.

2.4 Insufficient remodeling capability of artificial matrices

Tissue regeneration is based on cell-mediated tissue reconstruction and remodeling, which 

are characterized by a balance of the synthesis, deposition, and degradation of tissue matrix.
[22] Although cell-mediated remodeling is well supported by the ECM during tissue 

development and innate tissue repair, the matrices used currently for tissue regeneration 

remain suboptimal in this regard. For example, natural materials have advantageous 

biodegradation properties, but are poorly controllable; rapid clearance could lead to 

premature disintegration of the matrices before new tissue forms. In contrast, synthetic 

polymers are easily modified in order to tailor their degradation kinetics. In particular, cell-

mediated degradation has been introduced to better mimic natural tissue remodeling in a 

controlled manner, which is achieved by incorporating native ECM-derived peptide.[23] 

However, this degradation is still cell- and enzyme-dependent[23a, 23b], and further efforts are 

required to identify an optimal degradation profile that synergizes with tissue formation.

2.5 Relatively weak mechanical strength

The relatively weak mechanical strength of in-situ hydrogels has limited their applications in 

regenerating some tissues, especially those bearing dynamic mechanical loading such as 

musculoskeletal tissues. Although the elastic modulus of synthetic hydrogels is tunable, the 

tunable range is narrower than the elastic modulus of native tissues, which spans from a few 

pascals in fat and brain to mega pascals in bone. In addition, current methods of introducing 

porosity and degradation in order to facilitate remodeling and tissue formation may further 

decrease the mechanical strength of the hydrogel. Depending on the tissue to be regenerated, 

the mechanical stiffness and strength required to bear the dynamic loading could vary 

substantially, which leads to different requirements of the delivery matrices. For example, 

brain and fat may need soft matrices, while muscle, cartilage, and bone need increasingly 

strong scaffolds to support transplanted cells and to maintain shape and integrity during 

remodeling. In contrast, musculoskeletal tissues bear dynamic loading and thus require 

elastic delivery matrices that resist deformation while protecting resident cells from 

pressure. As such, it is critical to improve and tailor the mechanical strength of matrices to 

be used for cell delivery and regeneration in such tissues.
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2.6 Poor integration with host tissue

Poor integration of engineered tissue with host tissue can lead to poor function and clinical 

outcomes, a known challenge in tissue engineering. Tissue engraftment and integration is 

associated with a series of remodeling processes coordinated between host tissue and 

exogenous cells and matrices, including synergistic cell proliferation, migration, tissue 

formation, and vascularization. Unsatisfactory outcomes can be partly due to the poor 

integration of cell-carrying matrices into surrounding tissue as well as to suboptimal 

remodeling. Integration of the matrices with surrounding tissue is important for signaling by 

niche cues to transplanted cells, which leads to engraftment and integration. For this 

purpose, various bioadhesives are used to enhance the integration of implanted scaffolds 

with the defect sites. [24] While fibrin has been used as a popular sealant in surgery, there 

remains a great need for more injectable matrices that can facilitate and accelerate tissue 

integration. Although hydrogels can be modified to form covalent links with host tissue[25], 

the nanoporosity of the hydrogels still restricts cell migration, vascularization, and in-growth 

of host tissue.

3. New strategies to overcome challenges associated with current 

injectable matrices for cell delivery

3.1 Introducing biorthogonal click chemistry to improve biocompatibility of in-situ 
hydrogel formation

In-situ hydrogels are hydrogels that can be crosslinked under physiological conditions in 

vivo via physical interactions or chemical reactions (Fig. 1A). They are the most well-known 

and widely used matrices for cell delivery. The chemical reactions used for in-situ hydrogels 

include photo- and thermal-initiated radical polymerization, amine-N-hydroxylsuccimide 

ester coupling, and thiol-ene reaction through either radical addition or Michael-type 

addition (Fig. 1B a-c).[4a, 26] These reactions are highly efficient, but lack chemoselectivity. 

For example, the amine groups involved in crosslinking are abundant in natural ECM 

proteins and growth factors and thus these reactions may interfere with the activity of natural 

proteins[27]. Unpaired thiol groups, on the other hand, is not as common as amine groups. 

Free thiol groups usually present in the dynamic exchange of its oxidized form (paired 

disulfide) and reductive form during various biological processes, either on large protein or 

short peptide. For example, glutathione is a short peptide containing thiol from its cysteine 

residual plays as critical antioxidant to protect cells from oxygen species. Thiol-ene reaction 

may result in consumption of the thiols, and lead to insufficient glutathione that further 

impacts the cell survival and functions.[28]

To address concerns that some chemical reactions may interfere with biological processes, 

recent studies have explored biorthogonal click chemistry[29] to improve the 

biocompatibility of crosslinking. These methods include strain-promoted azide-alkyne 

cycloaddition[29–30], tetrazole-alkene[31], and tetrazine-norbornene chemistry[32] (Fig. 1B d-

f). For example, Koshy et al. compared injectable gelatin hydrogels crosslinked via 

biorthogonal tetrazine-norbornene click chemistry and photo-initiated radical 

polymerization; biorthogonal chemistry significantly increased the survival of cells 

encapsulated in 3D, with better supported cell spreading (Fig. 1C). [32a]
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Although biorthogonal chemistry has shown promising results in recent reports [30b-d, 32], its 

application in matrices for cell-delivery is limited partly due to the relatively tedious 

synthesis versus conventional chemistries. In addition, despite the raised concerns and some 

reported drawbacks associated with the conventional chemistries, their application in current 

in-situ hydrogels can support reasonable cell viability and functions, when appropriately 

optimized. The long-term effects of current chemistries and the benefits of biorthogonal 

chemistry require further investigation.

3.2 Using shear-thinning hydrogels to enhance cell survival during injection

Delivering cells via injection takes advantage of easy handling and minimum invasiveness, 

but leads to undesirable shear force during injection. Recent studies have demonstrated that 

the rheology and viscoelastic properties of the medium carrying cells for injection can be 

optimized to improve cell survival. For example, Aguado et al. found that shifting from a 

Newtonian solution such as saline buffer to a physically crosslinked alginate hydrogel 

resulted in a substantial increase in the survival of injected cells.[5a] Interestingly, simply 

increasing the viscosity with a non-crosslinked alginate solution did not improve cell 

survival[5a], suggesting that the protective effect is due to the “plug flow” process, during 

which part of the hydrogel is reversibly transitioned to a shear-thinning fluid, while the rest 

remains hydrogels and protect cells from mechanical stress. Other shear-thinning hydrogels 

have also been explored as cell-delivery matrices and have yielded similar protective effects 

on cell survival.

Shear-thinning hydrogel is a term that has been widely used to describe hydrogels that can 

undergo reversible gel-sol transition when stressed or sheared, such as when pushed through 

a syringe needle.[5b, 33] These hydrogels are usually crosslinked by reversible bonds such as 

physical interactions including peptide amphiphile assembly[34], biorecognition of a protein 

domain with a ligand[35], and host-guest interactions.[5c, 5d] ... It should be noted that the so-

called “shear-thinning” is different from the traditional definition describing a unique 

property of viscous liquid that the viscosity decreases under strain. Specifically, the shear-

thinning liquid are not gels from the rheology prospect, while the “shear-thinning” hydrogels 

are hydrogels under static conditions, and they undergo reversible transitions under shear 

that transform them into viscous fluid.

3.2.1 Peptide amphiphiles—Peptide amphiphiles are peptides that can self-assemble 

into nanofibers mediated by hydrogen bonding and hydrophobic interactions.[34b, 36] The 

self-assembled nanofibers further form a 3D architecture that has been used to deliver 

therapeutic drugs and cells in regenerative medicine.[37] The hydrogels formed by self-

assembled peptide-amphiphile nanofibers undergo shear-thinning, which can be tuned by 

changing the self-assembly kinetics. For example, Haines-Butterick et al. developed a 20-

residue peptide (MAX8) that folds and self-assembles in response to cell culture medium, 

resulting in mechanically rigid hydrogels.[38] The MAX8 hydrogel encapsulated 

mesenchymal stem cells (MSCs) and was delivered via injection through a 20-gauge needle; 

majority of the delivered cells survived after injection, as shown by the qualitative live-dead 

staining.[38] Incorporating biochemical ligands could further promote cell survival in vivo. 

For example, when Webber et al. used peptide-amphiphile nanofibers assembled from C16-
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V3A3E3 derivatives with or without cell adhesion motif RGDS, the incorporation of RGDS 

substantially improved the survival and significantly enhanced the proliferation of bone 

marrow mononuclear cells.[39] Although the self-assembly of peptide amphiphiles has 

shown some promising outcomes, limitations include their weak mechanical strength and 

relatively low stability due to physical interactions between peptide molecules. While 

peptide-amphiphile nanofibers eliminate the use of whole protein, the immunogenicity of the 

peptide sequences may require long-term investigation.

3.2.2 Biorecognition-based hydrogels—Instead of using peptides as building blocks 

for hydrogels, polymers can be incorporated with peptides and used to form hydrogels 

through the biorecognition of peptide domains and ligands. For example, Parisi-Amon et al. 

developed a two-component, molecular recognition physical hydrogel (MITCH) assembled 

from two polymers containing repeats of the CC43 WW domain and proline-rich peptide, 

respectively.[35] MITCH significantly improved the retention of transplanted cells after 

injection versus alginate, collagen, and saline buffer.[35a] Encouraged by this result, Cai et al. 

further improved the hydrogel by incorporating poly(N-isopropylacrylamide) (PNIPAM) 

(Fig. 2A), which undergoes secondary crosslinking in vivo, strengthening the scaffold and 

decreasing the degradation rate, which in turn prolonged cell retention in vivo.[40] The 

rheological and mechanical properties of this shear-thinning hydrogel for injectable 

encapsulation and long-term delivery (SHIELD) can be tuned by varying the incorporation 

of PNIPAM (Fig. 2B). While all SHIELD hydrogels with various levels of PNIPAM 

incorporation supported higher cell survival after injection than the control (Fig. 2C) [40a], 

hydrogels with higher PNIPAM incorporation led to significantly prolonged cell retention 

and survival over 14 days (Fig. 2D). These data highlight the importance of sustained 

mechanical support and protection for long-term cell survival in vivo.

3.2.3 Host-guest-based supramolecular hydrogels—Another example of shear-

thinning hydrogels is host-guest-based supramolecular hydrogels. Rodell et al. exploited the 

guest-host interactions of adamantane and beta-cyclodextrin to modify hyaluronic acid into 

shear-thinning hydrogels.[41] These hydrogels displayed promising injectability, in vivo 

stability and retention, and support of in vitro cell survival. [41] To enhance in vivo stability 

and mechanical support, hyaluronic acid was functionalized with methacrylate group, which 

allows radical polymerization for secondary crosslinking.[5c, 42] However, the efficacy of this 

synthetic hydrogel on cell delivery and in vivo cell retention are yet to be determined.

Other materials possess shear-thinning properties, such as kappa-carrageenan, which can be 

crosslinked in the presence of potassium.[5e] Some improvements are needed to address the 

drawbacks of these materials, especially their low mechanical strength and stability. The 

shear-thinning feature of these materials lowers their mechanical strength under pressure, 

which is good for cell delivery via injection but not desirable for cell protection in vivo. 

While recent strategies that introduce secondary crosslinking provide a way to overcome 

some of these drawbacks[5c, 40a, 42], combining advanced, more biocompatible crosslinking 

mechanisms merits further investigation.
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3.3 Engineering hydrogels to promote desirable cell phenotypes in 3D

Cell-based tissue regeneration relies on transplanted cells adopting desirable phenotypes; 

phenotype is known to be modulated by various cues, such as the surrounding cells, soluble 

factors, and microenvironment mechanics.[10c, 43] While extensive studies have elucidated 

how cell functions are influenced by the described cues, most of these studies employed 2-

dimensional (2D) substrates. However, cells reside in 3D niches in vivo, which could be 

more spatially restricted than 2D models. The nanoporosity of hydrogels may significantly 

hinder cells from remodeling the surrounding niche and depositing new extracellular matrix. 

Recent studies have revealed the effects of microenvironment rigidity, ligand reorganization, 

hydrogel degradation, and molecular mobility on stem-cell differentiation in 3D.[10a, 11–12]

3.3.1 Harnessing matrix stiffness-regulated reorganization of adhesion 
ligands—Tissue development is associated with reorganization of the microenvironment in 

which cells reside. Cell-delivery matrices must support this reorganization in order to 

promote cell-based tissue formation. In natural tissue environments, cells reorganize the 

niche easily, since the natural ECM is assembled through physical interactions and is 

flexible. As such, physically crosslinked hydrogels may better mimic the natural tissue 

microenvironment to facilitate niche reorganization. For example, Huebsch et al. reported 

that the osteogenic commitment of MSCs is regulated by matrix stiffness and by the 

nanoscale reorganization of adhesion ligands.[10a] They used fluorescence resonance energy 

transfer to assess matrix stiffness-dependent clustering of cell-adhesion ligands (RGD) (Fig. 

3A), which peaked at a stiffness of 22 kPa; this peak was consistent with osteogenesis by 

MSCs in 3D.[10a] Although physically crosslinked hydrogels are advantageous in terms of 

flexibility, they are inherently less stable. As previously described in section 3.2, the 

mechanical strength of these hydrogels decreases under pressure due to shear-thinning, 

which does not protect cells during and after injection.

3.3.2 Utilizing degradation-mediated cellular traction—In contrast to physical 

hydrogels, covalently crosslinked hydrogels, which are widely used and much more stable 

than physical hydrogels, are less flexible due to the fixed crosslinks that they contain. As 

such, cells are often restricted by the nanosized meshes and are incapable of reorganizing 

surrounding niche and ligands. For example, Khetan et al. reported that covalently 

crosslinked hyaluronic hydrogels could not support osteogenesis by encapsulated MSCs 

even with varied matrix stiffness.[11] Introducing proteolytic degradation enabled the cells to 

reorganize the matrix, to change their morphology, and to undergo tractions, which further 

directed the MSCs from adipogenesis toward osteogenesis (Fig. 3B).[11] Khetan et al. also 

found that secondary crosslinking (after the spread morphology appeared) inhibited 

osteogenic commitment[11], indicating that the permissive environment that allows cells to 

reorganize the niche is more important than mere morphological changes would suggest. 

While degradation of the hydrogels can rescue cell-mediated reorganization of chemically-

crosslinked hydrogel matrices, attention should be paid to the extent and timing of 

degradation, as well as to the dependence on cell type and enzymatic activity.[23] 

Degradation can simultaneously impact hydrogel diffusivity and mechanical strength, 

requiring optimization to achieve the desired tissue formation.
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3.3.3 Engineering dynamic adaptable hydrogels to promote 
microenvironment reorganization—Recent approaches have explored the use of 

dynamic reversible covalent linkages to crosslink hydrogels, avoiding the drawbacks of 

attempting to match pre-engineered degradation to a biological process. Linkages formed by 

amine, oxyamine, or hydrazine with aldehyde (Schiff base)[44], thiol-disulfide exchange[45], 

and reversible thiol Michael type addition[46] are stable, providing better support to 

encapsulated cells. But due to their reversibility, these linkages are labile on a time scale that 

is pertinent to the stress exerted by cells, allowing the cells to reorganize the 

microenvironment. For example, McKinnon et al. developed an adaptable hydrogel 

crosslinked by aliphatic hydrazine with aldehyde-terminated poly(ethylene glycol) (PEG).
[44] These hydrogels exhibited a frequency-dependent modulus, which indicates that they 

can relax the applied stress on a time scale on the order of tens of seconds and be deformed 

under pressures, highlighting the dynamic natures of the linkage and the hydrogel network. 

These dynamic changes allowed cells to reorganize the matrix niche, to change their 

morphology, and even to migrate[44]. While these adaptable hydrogels possess great 

potential for both fundamental and translational applications, further investigations into 

long-term cell survival and the modulation of cellular phenotype are needed.

3.3.4 Exploiting the molecular mobility of sliding hydrogels to enhance cell 
differentiation in 3D—Instead of using conventional physical or covalently crosslinked 

hydrogels, we recently reported the development of cell-compatible supramolecular sliding 

hydrogels with intrinsic molecular mobility, that yielded enhanced stem-cell differentiation 

in 3D.[12] Sliding gels are characterized by their topological architecture: the crosslinks and 

ligands are incorporated into a set of ring-shaped cyclodextrins that are confined on a linear 

PEG chain but can slide and rotate.[47] As such, the cells in sliding hydrogels utilize this 

mobility to reorganize ligands and to change their morphology (Fig. 3C). Most interestingly, 

without changing the stiffness or the degradation kinetics of the material, sliding hydrogels 

supported the differentiation of encapsulated MSCs into multiple lineages, including 

adipogenic, chondrogenic, and osteogenic lineages (Fig. 3C). This observation further 

suggests the importance of permitting cells to reorganize their microenvironment in 3D. 

Compared to covalent adaptable hydrogels, sliding hydrogels eliminate potential cross-

reactions that may interfere with biological processes. For example, the use of aldehydes 

may cross-react with the amines in proteins and growth factors present in native cell niche, 

which is avoided in the stable sliding hydrogels.

3.4 Introducing macroporosity into injectable cell matrices

While several advanced engineering approaches have been applied to hydrogels used for cell 

delivery, nanoporosity remains an intrinsic limitation that restricts clinical applications. 

Conventional macroporous scaffolds are usually prefabricated from biodegradable polymers 

(such as poly(lactide-co-glycolide) (PLGA)) and inorganic ceramics, which have achieved 

notable success in clinical applications and have confirmed the importance of macroporosity 

for cell-based tissue regeneration. [48] However, none of these scaffolds are injectable; they 

require unfavorable invasive surgical intervention. Recent studies have explored various 

ways of achieving injectability with macroporous scaffolds.
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3.4.1. Engineering injectable, preformed, macroporous cryo-hydrogels—
Novel approaches have been explored to fabricate macroporous but injectable scaffolds for 

cell delivery. The most notable progress has been achieved with cryo-hydrogels, which are 

used to create hydrogel scaffolds with interconnected pores.[49] Bencherif et al. developed 

sponge-like cryo-hydrogels with shape-memory properties that withstand reversible 

deformation and restore the original shape. As such, this cryo-hydrogel can be injected 

through a submillimeter-sized needle and recover into macroporous scaffolds after injection 

(Fig. 4A).[49a]] The pore size within the cryo-hydrogels is larger than 10 μm, which allows 

easy cell infiltration and migration. Human MSCs were loaded into the cryo-hydrogels, 

which supported robust cellular proliferation (Fig. 4B). These cryo-hydrogels enhanced cell 

survival and the retention of injected cells at day 2, while cryo-hydrogels with cell adhesion 

ligand (RGD) retained more cells (Fig. 4C) Furthermore, cryo-hydrogels itself led to high 

cell survival, and RGD incorporation further enhanced cell survival by day 15.[49a]

One advantage of cryo-hydrogels is that cells can be preloaded into the macroporous cryo-

hydrogels before injection, which protects the cells from the shear forces during injection. In 

addition, cryo-hydrogels are usually mechanically stronger and more stable than 

conventional hydrogels, thus providing better mechanical protection to transplanted cells 

after injection. For example, Zeng et al. used macroporous PEG microcryogels as 

microcarriers to preload MSCs that were injected into the intervertebral disk. [6b] Delivery 

using these microcryogels improved cell retention and survival versus the injection of free 

cells, leading to slower degeneration of the intervertebral disk.[6b] Some cryo-hydrogels can 

be used to co-deliver growth factors that prime implanted cells due to the excellent 

permeability of these materials.[49c, 50] Similar to most of the pre-fabricated macroporous 

scaffolds, cell infiltration into prefabricated cryo-hydrogels can be limited by the pore size 

and the loading method (i.e. static seeding vs. dynamic seeding using a bioreactor). [51] To 

facilitate cell infiltration and injectability, the diameter of cryo-hydrogels has to be small, 

ranging from hundreds of microns to a few millimeters.

3.4.2 Using pre-fabricated, spongy microspheres for cell delivery—
Biodegradable polymers such as poly(lactic acid) (PLA), poly(lactide-co-glycolide) (PLGA) 

and polycaprolactone have been widely used as cell carriers for tissue engineering 

applications, due to their high mechanical strength which is usually higher than most 

hydrogels. [48a, 52] The young’s modulus of most hydrogels typically ranges from 101 Pa to 

105 Pa, while the modulus of scaffolds made of PL(G)A is orders of magnitude higher with 

a range of 106 Pa to 109 Pa. [52] Previous approaches fabricate these polymers directly into 

implantable tissue-scale scaffolds, which are not suitable for injection. To allow injectability 

of these polymers as cell carriers, recent approaches explored methods to fabricate these 

polymers into injectable microspheres, with diameter ranging from 30 to 100 μm, instead of 

tissue-scale scaffolds.[6a, 20a, 53] For example, Kuang et al. developed injectable, 

nanofibrous, hollow microspheres from biodegradable poly(L-lactic acid)-block-poly(L-

lysine) (Fig 5A).[6a, 53b] These hollow structures allowed dental pulp stem cells to attach to 

the surface and the inner pores of the spheres (Fig. 5B). These nanofibrous spheres 

supported cell retention in the injected site and enhanced the odontogenic differentiation of 

these stem cells in vivo (Fig. 5D-G).[53b] One limitation of the injectable microspheres is the 
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lack of control on the distribution of microspheres post-injection. As such, injectable 

microspheres may move away from the injection sites under mechanical stress. Furthermore, 

injectable microspheres do not form a tissue scale scaffold after injection, therefore cannot 

provide comparable structural support or mechanical strength as a conventional tissue-scale 

scaffold.

3.4.3 Engineering void-forming hydrogels to achieve macroporosity in in-situ 
hydrogels—Inspired by the porogen leaching method used to fabricate conventional 

scaffolds[18], recent studies have explored the use of degradable hydrogels as porogens to 

introduce macroporosity in situ, such as gelatin hydrogels that undergo a gel-sol transition 

below 37 °C [54] and alginate hydrogels crosslinked by Ca2+ that are cleared by calcium 

chelators (e.g. EDTA).[54c] Degradable hydrogels are also used, such as hydrogels formed 

from oxidized alginate that undergo rapid hydrolytic degradation[55] and hyaluronic acid 

hydrogels that are degraded by hyaluronidase.[54c] Using these cell-compatible porogen 

leaching methods, cells and micron-sized porogens can be loaded into the hydrogels and 

injected. Macroporosity is introduced after ‘leaching’ of the porogens post-transplantation. 

Huebsch et al. developed an alginate-based void-forming hydrogel for cell delivery to study 

the effect of matrix elasticity on stem cell-based bone formation.[55] They used standard 

alginate to form the bulk hydrogel; oxidized alginate formed hydrogels as porogens, which 

rapidly degraded due to hydrolysis. [55] Cells were initially delivered using the nanoporous 

hydrogel with co-delivery of the degradable porogens. Pores form in situ after injection, 

yielding cell-laden macroporous hydrogel scaffolds (Fig. 6A). Huebsch et al. demonstrated 

that cells were homogenously distributed in the hydrogels and were attached to the inner 

pores after 10 days of in vitro culture (Fig. 6B). [55] When cells were delivered via void-

forming alginate hydrogel, cell proliferation was significantly enhanced 30 days after 

transplantation due to the macroporsity of the material (Fig. 6C). [55] Further, significantly 

more formation of new bone was obtained 12 weeks after transplantation with void-forming 

alginate hydrogel than after transplantation with standard hydrogels and saline controls (Fig. 

6D).[55] In void-forming hydrogels, cells are usually encapsulated in the bulk hydrogel 

fraction, which remains nanoporous. Although the introduction of macropores improved 

permeability, facilitating perfusion of nutrients and recruitment of endogenous cells, it takes 

time for cells to migrate out of void-forming alginate hydrogels (dependent on degradation 

of the bulk hydrogel).

In contrast to standard void-forming hydrogels, other approaches load cells in cell-

compatible porogens, so that the cells are released to the pores after the porogens leach. As a 

result, transplanted cells can quickly access the macropores and eliminate the physical 

restrictions of nanoporous hydrogels, leading to enhanced cell proliferation, migration, and 

faster tissue-matrix deposition.[54c, 56] By doing this, topographical features can also be 

introduced with cell-laden porogens with prefabricated shape. For example, fiber-like 

porogens can yield scaffolds with microchannel-like structure, which have been used to 

promote in vivo vascularization.[56] Porogen leaching methods are good for introducing 

pores in situ, but it is still challenging to obtain interconnected pores, which require highly 

packed porogens and substantially decrease the mechanical strength of the material after 

clearance of the porogens.
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3.4.4 Engineering hydrogel scaffolds assembled from annealed microsphere 
building blocks—Top-down void-forming methods introduce macroporosity but are 

associated with low interconnectivity and poor mechanical strength. Thus, recent studies 

have explored bottom-up approaches to construct macroporous scaffolds in situ with 

injectable building blocks. Injectable micron-sized building blocks are pre-fabricated and 

then connected in the presence of cells. The advantages of such approaches include ensured 

and instant interconnectivity of the pores of the formed scaffolds, modulation of materials 

properties through building blocks with pre-designed biophysical and biochemical 

properties, and improved mechanical strength of the formed scaffolds by optimizing the 

mechanical properties and organization of the building blocks. For example, Griffin et al. 

developed injectable microporous scaffolds by annealing injectable PEG hydrogel 

microspheres to accelerate wound healing.[57] The microspheres were incorporated with 

peptides containing AcFKG and NQEQVSPL moieties, which are covalently bonded by 

FXIIIa.[58] Applying exogenous FXIIIa and thrombin activated the annealing of the 

microspheres, resulting in cell-laden microporous scaffolds (Fig. 7A).[57] The interconnected 

macroporosity substantially enhanced cell proliferation and cell connections, as compared to 

nanoporous and degradable standard hydrogels (Fig. 7B). [57] Moreover, the injectability of 

these materials helped with fitting to the lesion site, and their macroporosity further helped 

connect newly formed tissue with the host tissue. As a result, this injectable scaffold 

integrated seamlessly with the surrounding host tissue in the wound-healing model, (Fig. 

7C). [57] The macroporosity of this system significantly accelerated the wound healing 

versus the non-porous hydrogel control (Fig. 7D).[57] Employing another approach, Rosales 

et al. reported macroporous scaffolds formed by crosslining PEG microspheres using the 

biorthogonal click reaction. These PEG microgels containing dibenzocyclooctyne or azide 

groups undergo coupling under physiological conditions to form microporous scaffolds in 

situ.[59].

3.4.5 Engineering microribbon-based, in-situ macroporous hydrogels—
Although microspheres are easily fabricated from building blocks, they do not yield porous 

scaffolds with sufficient surface area to support cell seeding and growth because spheres 

have low ratios of surface area to volume. Further, this geometry limits contact between 

spheres; scaffolds of these microspheres require high packing density, leading to inefficient 

formation of voids. We recently developed approaches to build macroporous scaffolds using 

injectable microribbon-like hydrogels as building blocks (Fig. 8A-C). [60] Compared to 

microspheres, fiber-like or ribbon-like geometries provide higher surface areas for cells and 

more void-space. In addition, the microribbon-like hydrogels have higher diameter-to-length 

aspect ratio and higher connectivity between the hydrogel blocks.[6c, 61] Thus, 

macroporosity can be tuned by varying the density of the blocks, yielding varying levels of 

cell proliferation and mechanical strength of the bulk scaffolds.[6c] Microribbon-shaped 

hydrogel building blocks exhibits a higher aspect ratio of the cross-section than microfibers, 

which dramatically enhance the shock-absorbing capacity of the resulting macroporous 

scaffolds upon crosslinking. For example, scaffolds made of gelatin-based microribbons 

revert to their original shape and maintain their mechanical strength after receiving 90% 

cyclic-strain, while their microfiber counterparts fell apart when strain exceeded 60% (Fig. 

8D).[6c, 60] This mechanical stability is especially important for the repair and regeneration 
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of skeletal tissues, which are usually under high mechanical load. With the help of 

macroporosity, microribbion scaffolds led to more cell retention up to 6 weeks after delivery 

than the conventional nanoporous control (Fig. 8E). [60] Strikingly, new bone formation and 

integration with endogenous tissue were both enhanced by microribbon scaffolds, due to 

their macroporosity (Fig. 8F-I).[60]

4. Conclusions and future directions

In summary, recent progress in developing injectable matrices have resulted in significant 

progress in enhancing biocompatibility, cell survival and retention, controlling cell 

phenotype, introducing desirable macroporosity, and improving scaffold mechanical 

strength. Further optimization will be required to achieve matrices with properties ideal for 

specific applications. In-situ hydrogels remain the mostly widely used matrices for cell 

delivery, due to their ease of handling and versatile modification of physical and biochemical 

properties. Novel approaches have been explored to overcome concerns associated with 

conventional in-situ hydrogels. Advanced biorthogonal click chemistry has been utilized to 

improve biocompatibility; shear-thinning mechanisms have been employed to improve cell 

survival during and after injection. It should be noted that current studies usually report 

relatively short-term cell survival (from a few days to a few weeks). Longer-term survival 

and proliferation of transplanted cells remains challenging. Moreover, the phenotypes and 

tissue-formation by these cells require further investigation. To enable clinical translation of 

injectable polymers for tissue engineering applications, considerations must be taken to 

optimize the biocompatibility of the injectable matrices in vivo to ensure safety. Various 

natural and synthetic polymers have been approved for acellular applications including 

collagen, fibronectin, hyaluronic acid, alginate and PEG. However, there is currently no 

FDA approved hydrogel products for delivering stem cells. [3d, 62] Future studies will need to 

assess the degradation kinetics and potential toxicity of the degraded by-product using 

relevant large animal models.

Increasing interest has been paid to elucidating the effects of biophysical and biochemical 

niche cues in 3D versus conventional 2D culture on cell functions, such as stem-cell 

proliferation and differentiation. Recognition of the important roles of ligand reorganization, 

matrix degradation, and molecular mobility in 3D provides more comprehensive criteria for 

designing matrices for cell delivery. In addition, it is important to consider different aspects 

of the biomechanics of the tissue, such as viscoelastic properties, elastic property, and 

dynamic mechanical properties. For example, recent studies have revealed that extracellular 

matrix-based hydrogels possess unique stress stiffening [14a, 63] and stress relaxation [13, 64] 

properties, which were not be reproduced using synthetic materials. These findings highlight 

the importance of comprehensive characterization of different biomechanical properties of 

new materials.

Injectable macroporous scaffolds for cell delivery and tissue engineering have been 

developed via top-down porogen leaching methods and bottom-up construction from 

building blocks. Given the importance of macroporisity to tissue regeneration, these 

approaches have opened important new prospects for the application of injectable matrices 

to regenerative medicine. Although the injectable macroporous scaffolds described here 
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provide better mechanical strength than standard in-situ hydrogels, they are still not as 

strong as conventional macroporous plastic polymer materials (e.g. PLGA, PCL) and 

inorganic ceramics. Combining macroporous scaffolds with stronger building blocks may be 

necessary to achieve the regeneration of load-bearing tissues such as bone.

Bottom-up approaches assemble macroporous scaffolds in situ from pre-fabricated 

injectable building blocks, which can be designed with varying geometries and biophysical 

and biochemical properties. These approaches can be used to better recapitulate the highly 

complex physical and biochemical properties, as well as the heterogeneous microstructures, 

of the natural tissues. Bottom-up assembly approaches could also be used for post-injection 

scaffold formation to a desired organization and architecture, for example by introducing 

reorganizable building blocks [65]. These approaches enable the use of zonal, organized 

scaffolds in situ to promote desirable cell phenotypes and matrix production, better 

mimicking the organization of natural tissue. Nonetheless, future efforts will be needed to 

achieve the goal of fully mimicking the comprehensive structure and composition of tissue 

with injectable matrices.
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Figure 1. 
In-situ hydrogels and crosslinking chemistry. (A) Typical use of in-situ hydrogels for cell 

delivery. Cells are mixed with hydrogel precursor solution (usually a solution of 

functionalized polymers) and co-injected into the defect site, where the polymers crosslink 

into a polymer network as hydrogel scaffolds that support cells. (B) Crosslinking in-situ 

hydrogels. Conventional chemical reactions used for in-situ hydrogels include (a) photo- and 

thermal-initiated radical polymerization of (meth)acrylate groups, (b) thiol-ene reaction, and 

(c) amine-N-hydroxylsuccimide ester coupling.[26] To avoid interference with biological 

processes, recent studies have explored the use of biorthogonal click reactions, such as (d) 

strain-promoted azide-alkyne cycloaddition[29–30], (e) tetrazole-alkene[31], and (f) tetrazine-

norbornene chemistry[32]. (C) Gelatin hydrogels crosslinked via tetrazine-norbornene click 

chemistry (ClickGel) led to significantly improved short and long-term cell viability versus 

radical-crosslinked methacrylated gelatin (GelMA). [32a] Reproduced with permission. [32a] 

Copyright 2016, John Wiley and Sons.
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Figure 2. 
Shear-thinning hydrogel for injectable encapsulation and long-term delivery (SHIELD), a 

modified mixing-induced two-component hydrogel (MITCH) with optimal shear moduli that 

mechanically protects cells during injection and allows injectable cell encapsulation and 

long-term delivery.[40a] (A) Schematic of SHIELD hydrogel components. A star-shaped 

poly(ethylene glycol)(PEG) copolymer incorporated with the proline-rich peptide 

EYPPYPPPPYPSGC (component 1) forms a weak physical hydrogel with a recombinant C7 

linear protein copolymer bearing CC43 WW-domain (component 2) [35]. Poly(N-

isopropylacrylamide) (PNIPAM) is also incorporated to component 1, and undergoes a 

second crosslinking at body temperature to strengthen the hydrogel and prolong cell 

retention in vivo. (B) Increasing PNIPAM incorporation increased the storage (G’) and loss 

moduli (G”) at body temperature (37 °C). SHIELD-0, SHIELD-0.7, and SHIELD-1 are 

hydrogels formed with 0, 0.7, and 1 wt% incorporated PNIPAM. (C) SHIELD hydrogels 

provide more protection to cells passed through a 28-G needle at 1.0 mL/min that does 

phosphate-buffered saline (PBS). Fluorescent LIVE/DEAD staining performed on human 

adipose derived stem cells injected with SHIELD-1 hydrogel and PBS. When delivered with 

the SHIELD hydrogel, cell survival was substantially increased. (D) Cell retention after 

transplantation via injection evaluated using bioluminescence imaging. SHIELD-1 and 

SHIELD-0.7 hydrogels significantly increased cell retention up to 14 days after injection 

compared to the PBS control and the MITCH hydrogel without PNIPAM.

(A–D) Reproduced with permission. [35] Copyright 2015, John Wiley and Sons.
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Figure 3. 
Molecular mobility enables stem-cell functions in 3D environments. (A) Stem cells perform 

their functions in 3D in response to the mechanical properties of the matrix, mediated by the 

manipulation and nanoscale reorganization of surrounding adhesion ligands. Left, Schematic 

demonstrating cell traction mediated nanoscale clustering of surrounding adhesion ligands 

(RGD) incorporated in the calcium ion crosslinked alginate hydrogels enhanced cell–RGD 

bond formation. Right, alginate is incorporated with RGD-FITC and RGD-TAMRA to 

measure ligand clustering using fluorescence resonance energy transfer. Human MSCs 

encapsulated in hydrogels demonstrated cell traction-mediated and mechanical stiffness-

dependent RGD clustering. Ligand clustering peaked at 22 kPa, consistent with the peak of 

osteogenic differentiation in this study. (n=3–5; *p<0:01 compared with other conditions, 

Holm–Bonferroni test) [10a] Reproduced with permission. [10a] Copyright 2010, Nature 

Publishing Group. (B) Degradation is essential for covalently crosslinked chemical 

hydrogels to rescue differentiation, since the lack of molecular mobility of covalent bonds 

restricts cells from reorganizing the niche matrix and experiencing traction. Left, schematic 

of crosslinking of hyaluronic acid hydrogels using MMP-cleavable peptide only (-UV) and 

UV initiated radical polymerization of methacrylate groups (D0 UV). Right, representative 

3D TFM images (a,b) and bright-field images of hMSC staining for ALP (osteogenesis, c) 

and lipid droplets (adipogenesis, d). Hyaluronic acid hydrogels crosslinked by MMP-
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leavable peptide without UV (-UV) allowed encapsulated human MSCsto exert traction, and 

to change their morphology (right), leading to osteogenic differentiation favored by the 

matrix stiffness of 4.3 kPa. However, in the presence of the non-degradable UV crosslinked 

hydrogel counterpart (D0 UV), cells did not reorganize the matrix and remained spherical, 

with adipogenic differentiation predominating. (Scale bar: a,b 15 μm; c,d 20 μm) [11] 

Reproduced with permission. [11] Copyright 2013, Nature Publishing Group. (C) Mobile 

ligands and crosslinks in sliding hydrogels provide essential molecular mobility without 

introducing degradation. Left, ligands and crosslinks are covalently attached to cyclodextrin 

rings that are confined on the linear PEG chains, with the ability to slide and rotate. 

Molecular mobility enables encapsulated human MSCs to reorganize the surrounding 

ligands and (middle) to change their morphology to form protrusions. Right, representative 

images of hMSCs in a sliding hydrogel stained for (a) neutral lipid accumulation (Oil Red 

O; adipogenesis), (b) glycoaminoglycan deposition (Safranin O, chondrogenesis), and (c) 

ALP activity (Fast Blue; osteogenic) after culture in adipogenic, chondrogenic, and 

osteogenic medium. Without changing the mechanical properties of the sliding hydrogels, 

human MSCs differentiate toward multiple lineages including adipogenesis, chondrogenesis, 

and osteogenesis. (Scale bar a-c, 50 μm). [12] Reproduced with permission. [12] Copyright 

2016, John Wiley and Sons.
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Figure 4. 
Injectable preformed cryo-hydrogels with shape-memory properties. (A) Scheme of cryo-

hydrogel fabrication. Alginate is modified with methacrylate (MA) groups to allow 

crosslinking at −20 °C. Ice crystals serve as porogens to introduce macroporosity inside 

cryo-hydrogels after thawing. Cryo-hydrogels can be mixed with cells and injected through 

a 16G needle, after which they recover their original shape. (B-C) Human MSCs can be 

seeded into cryo-hydrogels. (B) Live/dead staining of MSCs 1 day after injection showed 

high cell survival. (Green, live cells; red, dead cells) (C) Confocal live/dead image of cells in 

cryo-hydrogels cryogels after 6 days of incubation. The porosity of cryo-hydrogel scaffolds 

supports robust cell proliferation. (D) Luminescent images of C57BL/6J mice injected with 

bioluminescent reporter cells loaded in cryo-hydrogels without (1) or with (2) cell adhesion 

peptide (RGD) at day 2 post-injection. Cryo-hydrogels enhanced cell retention 2 days after 

injection, whereas the injection without delivery matrix (b) showed minimum signal, 

indicating low cell retention. RGD appeared to lead to more cell retention. (E) Cryo-

hydrogels with RGD peptide supported better cell engraftment than cryo-hydrogels without 

RGD, as indicated by substantially higher cell signal at day 15. Labels are as in panel D.
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(A-E) Reproduced with permission. [49a] Copyright 2012, National Academy of Sciences, 

USA.
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Figure 5. 
Nanofibrous spongy microspheres are injectable, porous, cell-delivery matrices that enhance 

cell retention and proliferation in vivo. (A) Scheme of fabrication of these microspheres. 

Star-shaped poly(L-lactic acid)-block-polylysine (SS-PLLA-b-PLYS) copolymer (a) is used 

to form microspheres using a reversed emulsion method (b) and phase separation-freeze 

drying (c). These porous microspheres can be loaded with cells for delivery via injection (d). 

(B) Scanning electron microscopy reveals that the microporous structure of these spheres 

facilitates cell attachment to the surface of the inner pores (arrow). (C) Dental pulp stem 

cells were well distributed in porous microspheres, with high coverage of the inner surface. 

Cells were stained with Alexa Fluor 555 phalloidin (F-actin, red) and DAPI (nuclei, blue). 

(D) Odontogenic differentiation of human dental pulp stem cells in vivo 6 weeks after 

subcutaneous injection to demonstrate the dentin tissue regeneration using the nanofibrous 

spongy microspheres as carrier. Cell-loaded spheres were pre-cultured in vitro for 7 days. 

(E) Hematoxylin and eosin staining indicated substantial tissue formation and high cell 

density, with even distribution. (F) von Kossa staining demonstrated enhanced 

mineralization. (G) Nanofibrous spongy microspheres promoted odontogenic differentiation 

of human dental pulp stem cells, as indicated by immunohistological staining for dentin 

sialophosphoprotein. (Scale bar: B,C, 10 μm; D, 2 mm; E-G, 100 μm)

(A-G) Reproduced with permission. [53b] Copyright 2015, John Wiley and Sons.
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Figure 6. 
Void-forming hydrogels used to transplant MSCs for bone formation. (A) Scheme of the 

fabrication of a void-forming hydrogel. Cells (green) are loaded in bulk hydrogel precursor 

solution and co-delivered with porogens (red). Pores form after the porogens degrade; cells 

migrate to the pores and attach to the pore surface. (B) Image of mouse MSCs stained with 

calcein-AM (green) in void-forming hydrogels 10 days after encapsulation and cultured in 

vitro. (Scale bar: 100 μm) (C) Cells numbers post-injection revealed by tracking the 

fluorescence intensity of mCherry-labeled mouse MSCs in vivo. Void-forming hydrogels 

lead to more rapid proliferation (31-fold increase) from day 7 to day 30, versus standard 

hydrogels. (D) Void-forming hydrogels enhance bone formation. Human MSCs were 

delivered using saline, standard hydrogels, or void-forming hydrogels into cranial defects of 

nude rats. Bone formation was evaluated using micro-computed tomography 12 weeks after 

transplantation. Transplanted human MSCs within void-forming hydrogels led to 

significantly more formation of new bone than standard hydrogels and saline controls.

(A-D) Reproduced with permission. [55] Copyright 2015, Nature Publishing Group.
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Figure 7. 
Injectable hydrogel microspheres used as building blocks to deliver cells and to build 

macroporous scaffolds in situ, improving tissue integration and accelerating wound healing. 

(A) Scheme of hydrogel microspheres incorporated with peptides that can be linked via 

factor XIII under physiological conditions in the presence of cells, yielding cell-loaded 

macroporous scaffolds in situ. (B) Human dermal fibroblasts cultured in microporous 

annealed particle (MAP) scaffolds (350 Pa) and in standard non-porous hydrogels (bulk 

moduli indicated) for 6 days. Cells continue to proliferate over 6 days and the cell network 

increased in size and complexity, which cannot be achieved with non-porous hydrogels with 

identical chemical and mechanical properties. (Scale bar: 100 μm) (C) Injectability and in-

situ formation of MAP scaffolds lead to seamless interfaces with the surrounding tissue, 

indicated by the hematoxylin and eosin staining. (D) MAP scaffolds substantially 

accelerated wound closure versus the non-porous hydrogel control (60% versus 100% 

remaining wound area after 5 days, respectively).</p>(A-D) Reproduced with permission. 
[57] Copyright 2015, Nature Publishing Group.
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Figure 8. 
Injectable microribbon (μRB) hydrogels as carriers of stem cells for bone repair. (A) μRB 

hydrogel building blocks are fabricated using wet-spinning [ref] and can be crosslinked into 

microporous scaffolds in the presence of cells in situ. (B) Cell-laden μRBs are injected 

through a 16G needle to form a cell-laden, intact macroporous scaffold. (C) Scanning 

electron microscopy reveals the interconnected macroporosity of μRB scaffolds. (D) μRB 

scaffolds exhibit excellent mechanical flexibility and stability, withstanding cycles of 

compression up to 90% strain. (E) μRB scaffolds led to significantly higher cell survival 

than conventional hydrogels, with consistently higher cell numbers over 6 weeks. (n=4 per 

group, error-bars: standard deviations, p<0.05) (F-I) μRB-based scaffolds with adipose-

derived stem cells (ADSCs) promote bone healing and bone-scaffold integration. Micro-

computed tomography reveals that (F) stem cell-seeded uRB scaffolds led to significantly 

more mineralized bone formation in critical-size cranial defects than (G) conventional 

hydrogel controls. (H) Macroporosity in μRB scaffolds promoted more endogenous tissue 

integration than (I) nanoporous hydrogel scaffolds.

(A-I) Reproduced with permission. [60] Copyright 2016, John Wiley and Sons.
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Table 1.

Recent developed approaches to address challenges associated with the conventional injectable matrices for 

cell delivery and tissue regeneration.

Major challenges Approaches Examples ref

Biocompatibility of in-situ 
hydrogels Introducing bio-orthogonal click chemistry

Strain-promoted azide-alkyne cycloaddition 
(SPAAC) [29–30]

Tetrazole-alkene [31]

Tetrazine-norbornene [32]

Shear induced cell death Developing shear-thinning hydrogels

Peptide amphiphiles [38][39]

Bio-recognition based hydrogels [35][40]

Host-guest supramolecular hydrogels [41]

Ionic crosslinked hydrogels [5a,5e]

Lack of support on desirable 
cell phenotype in 3D

Engineering hydrogels with supporting 
properties

Matrix stiffness regulated reorganization of 
adhesion ligands [10a]

Degradation mediated cell traction [11]

Dynamic covalent linkage permitted 
microenvironment reorganization [44–46]

Molecular mobility supporting multiple 
lineage differentiation [12]

Lack of macroporisity

Engineering pre-fabricated injectable scaffolds

Injectable preformed macroporous cryo-
hydrogels [49a]

Injectable pre-fabricated spongy micro-
carriers [6a,6b,53b]

Top-down strategies to introduce 
macroporisity in situ Void-forming hydrogels [55][56]

Bottom-up strategies to construct macroporous 
scaffolds using injectable building blocks

Assembled and annealed microspheres [57][59]

Microribbon based in-situ macroporous 
hydrogels [6c,60–61]
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