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Abstract

Cells reside in a complex and dynamic extracellular matrix where they interact with a myriad of 

biophysical and biochemical cues that direct their function and regulate tissue homeostasis, wound 

repair, and even pathophysiological events. There is a desire in the biomaterials community to 

develop synthetic hydrogels to recapitulate facets of the ECM for in vitro culture platforms and 

tissue engineering applications. Advances in synthetic hydrogel design and chemistries, including 

user-tunable platforms, have broadened the field’s understanding of the role of matrix cues in 

directing cellular processes and enabled the design of improved tissue engineering scaffolds. This 

review focuses on recent advances in the development and fabrication of hydrogels and discusses 

what aspects of ECM signals can be incorporated to direct cell function in different contexts.
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SETTING THE CONTEXT

In our tissues and organs, the extracellular matrix (ECM) is a complex and dynamic 

structure where cells reside, remodel and interact over a range of length scales to maintain 

tissue homeostasis, growth and repair. 37,56 The ECM is bioactive, locally sequestering 

biomacromolecules that can promote cell adhesion, spreading, survival, proliferation, 

migration and even, differentiation. The synergistic and antagonistic interplay of these cues, 

in coordination with the biophysical properties of the surrounding matrix, ultimately directs 

cell fate. However, how cells receive, process, and exchange information with the ECM is 

often difficult to elucidate, and it typically involves coordinated presentation of multiple 

factors that can be presented over multiple time scales.
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In the field of regenerative medicine, decellularized ECM matrices have played a long-

standing role as scaffolds for tissue engineering.43 Decellularized ECM scaffolds are 

typically prepared by treating tissues with detergents to remove cells and antigens, and 

subsequently repopulated with host cells, allowing them to be transplanted in vivo while 

minimizing the immune response. 15 As an example, Ott et al. used decellularlized whole 

hearts as a structural architecture that was repopulated with cardiac or endothelial cells and 

the cell-laden matrix led to nascent pumping function.45 Collagen I and III, laminin and 

fibronectin were all preserved within the decellularized heart as shown in the 

immuofluoresence micrographs in Fig. 1a. While matrices derived from native ECM have 

the benefit of capturing the complex structure and composition found in tissues (e.g., a pre-

formed vascular network); the ability to recolonize this dense matrix with multiple cell types 

and to control their functional properties on relevant length and time scales is difficult to 

achieve and predict.

As a result, there are numerous efforts to engineer materials that recapitulate important 

facets of the ECM, and synthetic hydrogels represent one such class of materials that have 

received widespread interest as tissue engineering scaffolds. Hydrogels are crosslinked 

biomacromolecules that absorb large amounts of water, without dissolving, and this high 

water content imparts physiologically relevant soft tissue mechanics, and allows facile 

transport and diffusion of cell secreted molecules. While the structure of synthetic hydrogels 

can be tuned to allow a range of material properties, the chemistry is devoid of 

functionalities that are recognized by cells. So when designing suitable hydrogels for 

culturing cells and regenerating tissues, the question becomes “How simple is complex 

enough?”. What minimal biological signals are necessary to guide desired cellular functions, 

and how might temporal addition and/or removal of these matrix cues play an important role 

in directing bioscaffold design, especially for the regeneration of functional tissues of future.

THE ECM HAS A COMPLEX COMPOSITION

The ECM provides a myriad of cues to resident cells that in combination with cell–cell and 

cell–matrix signaling regulate functional outputs (Fig. 1b). The composition of the ECM is 

complex and consists of high molecular weight proteins (e.g., collagen, fibronectin, and 

laminin) and branched glycosaminoglycan structures (e.g., heparin sulfate and chondroitin 

sulfate).27 These macromolecules are typically organized into a fibrillar network that 

provides a unique biophysical and bioactive environment for cells to reside. The most 

abundant protein in the ECM is collagen, which forms trimeric protein rods that provide 

tensile strength to the network. Proteoglycans represent another major component of the 

ECM; these highly branched biomacromolecules arise from covalent attachment of 

glycosaminoglycans (GAGs) to high molecular weight proteins. Negatively charged GAGs 

indirectly sequester water molecules through a cationic intermediary, resulting in a water-

rich network and unique biophysical properties (e.g., high compressive strength, viscoelastic 

effects, and streaming potentials).

The multiple ECM components also contain adhesive binding sites for cell binding, such as 

those found in fibronectin and laminin, which facilitate attachment, spreading, migration, 

and transduction of mechanical signals from the local microenvironment.23,25 GAGs are 
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also known to non-specifically sequester and bind growth factors and signaling proteins that 

cells interact with through surface receptors, imparting local bioactivity. Finally, the ECM 

should be considered as a dynamic material, where the local milieu can be remodeled 

through cell-mediated secretion and deposition of molecules or degraded through cell 

secreted enzymes called matrix metalloproteinases (MMPs).

SYNTHETIC HYDROGELS AS ECM MIMICS

Synthetic hydrogels can serve as simple platforms to culture primary cells in three-

dimensions and test the role of ECM interactions on functional outputs. For example, water 

soluble polymers, such as poly(ethylene glycol) (PEG), poly(vinyl alcohol), poly(2-

hydroxyethyl methacrylate), can be crosslinked to form elastic materials that recreate basic 

aspects of ECM mechanics of soft tissues.1 Complementary bioconjugation methods have 

also been employed to impart biological functionality to these synthetic materials.28 The 

relatively bioinert nature and hydrophilicity of PEG, in particular, enables the design of 

water-rich “blank” cellular microenvironments. Typically, PEG macromolecules are 

crosslinked or functionalized by modifying the hydroxyl end groups with reactive groups, 

such as alkenes, alkynes, azides, maleimides, thiols, NHS esters, vinyl sulfones, and 

norbornenes, which can then be polymerized under cytocompatible conditions via numerous 

reactions: chain polymerization, Michael addition (Fig. 2a), thiol-ene (Fig. 2b), and strain-

promoted azide alkyne cycloaddition (Fig. 2c).2,5,22,24 The initial macromolecular molecular 

weight and the functionality of the monomer can be used along with processing conditions 

to control the final network structure and properties.

In this review, focus is first placed on hydrogels as simplified structural mimics of the ECM, 

capturing basic mechanical aspects and allowing three-dimensional cell culture that direct 

basic cellular outputs, such as adhesion and morphology (Fig. 1b). Then, the topic 

transitions to more complex material environments aimed towards controlling and 

manipulating cellular processes, such as directing differentiation or in vivo engraftment. 

Clearly, the ECM is a reservoir filled with a rich biochemical context that coordinates to 

regulate cell function by sequestering growth factors and providing adhesive cellular binding 

sites. How a cell interprets these bioactive signals can depend on the biophysical inputs a 

cell is receiving concurrently, so numerous contemporary topics in bioscaffold design focus 

on understanding and recapitulating the dynamic interplay between cells and their local 

ECM. In this regard, synthetic hydrogels have been engineered with properties that change 

with time, such as degrading through specific mechanisms (e.g., hydrolytic, enzymatic) and 

on specific time scales (Fig. 1c). These processes can better capture aspects of cells 

degrading and/or remodeling their local microenvironment in vivo, while simultaneously 

allowing a researcher to investigate how cells exchange and interpret information received 

from their niche. However, in designing synthetic hydrogels as ECM mimics, the complex 

biophysical and biochemical cues present should be motivated by the desired clinical 

application or hypothesis being tested. The following sections look to explore how these 

passive and active matrix cues might be incorporated into synthetic hydrogels to better 

understand how simplified and defined signals affect cell-ECM interactions and then place 

this in the broader context for the future design of hydrogels as bioscaffolds for tissue 

engineering applications.
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Towards the goal of synthesizing a simplified ECM mimic, initial efforts demonstrated how 

one could introduce peptide sequences into the network structure to provide intregrin-

binding sites for adhesion and enzymatically degradable linkers to allow for cell-mediated 

degradation. Hern et al. copolymerized PEG-diacrylate macromolecules with monoacrylated 

PEGs modified with a pendant RGD sequence to promote adhesion and survival of human 

foreskin fibroblasts.20 Specifically, the RGD sequence was coupled to an assymetric, linear 

PEG with an acrylate functional group on one end, and an N-hydroxy succinimide ester on 

the other end. Since this early demonstration, RGD and other adhesive epitopes have been 

widely used in bioscaffold design to direct cell migration7,11,58 or even spatially control cell 

spreading in three-dimensions.9,14

Beyond controlling cell–matrix adhesion, these synthetic methods have also been used to 

mimic aspects of ECM degradation and remodeling. For example, West and Hubbell 

incorporated a collagenase-sensitive peptide sequence into a PEG diacrylate crosslinker, 

rendering it degradable by cell-secreted MMPs.57 To further control the hydrogel 

connectivity and combine both adhesive and degradable functionalities, Lutolf and Hubbell 

used a base catalyzed Michael addition to react multi-arm PEG with vinyl-sulfone end 

groups with cysteine containing peptides (e.g., a bis-cysteine peptide that was MMP-

cleavable and a mono-cysteine RGD sequence).38 This reaction scheme allowed 

encapsulation of fibroblasts and the study of their invasion into the matrix, as a function of 

its adhesivity and susceptibility to degradation.

Towards building in complexity and allowing spatial control of matrix functionality others 

exploited thiol-ene photochemistry to show the versatility of the reaction in forming PEG-

peptide ECM mimics14 with gradient functionalities,10 conjugation of multiple epitopes in 

spatially distinct scaffold regions,9 and two-photon patterning of complex features.8 More 

recent work has expanded the library of “bio-click” chemistries, such as strain-promoted 

azide-alkyne cycloaddition, that allow sequential and orthogonal reactions for 

bioconjugation.9 This reductionist view of the ECM and the expansion of cytocompatible 

chemistries afford new opportunities to design innovative experiments that should improve 

the field’s understanding of cell–matrix signaling and the design of the next generation of 

tissue engineering scaffolds.

THE ACTIVE ROLE OF BIOPHYSICAL CUES

The ECM in its simplest interpretation is a 3D structure where cells physically reside. 

However, cells interact and receive important regulatory cues from the physical properties 

(e.g., stiff and soft matrices) and structure of the ECM, and these cues in turn direct cell 

outputs such as spreading, migration, and proliferation (Fig. 3a). Many of these physical 

attributes can be engineered and recapitulated within synthetic hydrogels. For example, 

moderately crosslinked PEG-based hydrogels imbibe large amounts of water (>95%), and 

this renders them with properties that can be tuned over a large range of elastic moduli, 

diffusivity, and structural information. However, this tunability of properties is highly 

coupled, as all of these properties depend directly on the network crosslinking density.
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One of the most widely studied biophysical properties is the matrix elasticity. Although still 

not fully understood, correlative studies suggest cells interpret elasticity through 

mechanotransduction and integrin binding to the matrix triggers outside-in signaling 

cascades. For example, in the seminal work from Engler et al., polyacrylamide hydrogels 

were used to create substrates with a range of elastic moduli, and this simple biophysical 

variation was found to manipulate the differentiation of mesenchymal stem cell (hMSC).13 

Building on this pioneering work, hydrogels with phototunable elasticities were then 

synthesized to allow users the ability to study the effects of mechanical ‘dosing’ (e.g., 

culturing cells on TCPS for extended periods of time) on hMSC fate. Work by Yang et al. 

synthesized PEG substrates with elasticities that could be tuned on demand by exposure to 

light (Figs. 3b and 3c).59 Briefly, hMSC were cultured on stiff (10 kPa) gels for 1 (Fig. 3b), 

7 (data not shown) or 10 days (Fig. 3c) and then the hydrogels were softened to 2 kPa in 

situ. The nuclear localization of two transcriptional factors, YAP and RUNX2, was studied, 

and found to depend upon the time of culture in stiff environments (Figs. 3b and 3c). These 

findings taught that cells may have a ‘memory’ related to their previous culture treatment 

and highlight the importance of carefully considering the context of cells during their ex 

vivo culture and expansion as this may influence their long-term function after 

transplantation.

While these studies point to the importance of mechanotransduction, a major unanswered 

question for the field is how does this signaling occur. Using the same photodegradable 

hydrogels described above,59 Wang et al. identified the PI3K/AKT pathway as one of the 

key signaling pathways that regulate mechanosensing and activation of primary valvular 

interstitial cells (VICs).55 This study showed that through a reduction in the material 

stiffness the myofibroblast to fibroblast activation of VICs could be reversed. As another 

example, Gilbert et al. also illustrated the efficacy of recapitulating appropriate ECM 

substrate stiffness on muscle stem cell (MuSC) function.17 Specifically, PEG-based 

hydrogel culture platforms that mimicked the elastic modulus of muscle (~12 kPa) were 

used as a culture platform for MuSC. The MuSC cultured on the muscle-like hydrogel 

substrates had heightened self-renewal and potency, as well as increased engraftment rates 

during muscle regeneration compared to MuSC cultured on TCPS.

THE ECM AS A RESERVOIR OF BIOCHEMICAL SIGNALS

Beyond serving as a structural framework, the ECM presents a myriad of biochemical cues 

that regulate cell function and direct macroscopic tissue development and regeneration. 

These active cues consist of adhesive domains present on ECM proteins (e.g., fibronectin, 

laminin), soluble molecules that diffuse through the ECM, and others that remain 

sequestered or substrate-bound. Here, the focus is to review some of the primary methods to 

present these biochemical signals in hydrogels by functionalizing them with short mimetic 

peptides of larger proteins or with functionalities that can physically sequester native 

biomacromolecules through affinity interactions (Fig. 4a). Finally, the contextual 

presentation in which cells receive these cues affects the biomolecules efficacy and the 

cellular output that results; therefore, it is important to understand the interplay between 

biochemical and biophysical cues.
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Within the in vivo milieu the ECM is known to sequester and bind many different molecules 

that then interact with cellular receptors. Recent advances in synthetic hydrogels have 

provided accessible techniques to recapitulate aspects of this biomolecule sequestration 

using versatile and bio-orthogonal chemistries for both specific and non-specific binding in 

a spatially defined manner. Some of these bioconjugation methods include thiol-ene, azide-

alkyne, maleimide-thiol, diels–alder, oxime, hydrazine and hydroxysuccinimide-amine 

reactions, which enable facile chemical modification of the target molecule and subsequent 

conjugation to hydrogel scaffolds at physiologically relevant concentrations while retaining 

the bioactivity of the target molecule.2,26 More recent developments in bio-orthogonal 

“click” chemistries have further enabled highly specific patterning of biomolecules in the 

presence of cells and biological moieties. For example, 3T3 fibroblast cells were 

encapsulated in PEG gels using a copper-free azide-alkyne reaction, and the cellular 

environments were subsequently modified in a spatially defined manner to direct cell 

migration using a thiol-ene photoconjugation reaction combined with photolithography.7

For certain applications, peptides provide distinct advantages, compared to utilizing full 

proteins. Solid phase peptide synthesis allows bioactive cues to be readily synthesized and 

introduced into amatrix without some of the difficulties in maintaining the bioactivity of the 

target protein. For example, the adhesive ligand RGDS is routinely incorporated in 

hydrogels to promote cell attachment and increase survival.48 Along with RGDS, many 

other common adhesive binding sites found in the ECM have been incorporated in hydrogels 

and an excellent review of this topic can be found in Brennan et al.4 Towards studying the 

role of matrix binding epitopes on cell secretory properties, Gould et al. used a combination 

of RGDS, VGVAPG, and P15 peptides and showed marked differences in the activation of 

valvular interstitial cells to myofibroblasts, depending on the ratio of these adhesive 

ligands.18 Peptides have also been used as mimics of cell–cell interactions where Bian et al. 

presented covalently-bound N-cadherin mimetic peptides to MSC encapsulated in HA-based 

gels and observed accelerated chondrogenesis resulting in increased cartilage formation in 

vitro and in vivo.3 Beyond peptide mimics of adhesive ligands, there is also significant effort 

to identify sequences that mimic active sites of growth factors, such as stromal derived 

factor 1 (preserved C terminus and N terminus), a known chemoattractant, and bone 

morphogenetic proteins (e.g., DWIVA, KIPKASSVPTELSAISTLYL), a potent regulator of 

MSC differentiation.21,39,40 However, peptides do not possess the activity of full proteins 

and in many instances, designing synthetic ECMs for local protein delivery is critical.

In vivo, many growth factors are physically bound and stored in the ECM through affinity 

interactions with local macromolecules, such as glycosaminoglycans. This results in 

localized concentration profiles of the target protein, reduced enzymatic cleavage, and 

effective presentation of bioactive ligands for cell receptor binding. Building from this 

notion, synthetic hydrogels have been designed to recapitulate aspects of biomolecule 

sequestration, where early work in the field demonstrated the use of heparin. Heparin is 

known to bind growth factors, proteases, and chemokines, and its presentation in hydrogels 

can be exploited to locally sequester cell secreted molecules to control local signaling.36,50 

For example, a recent work by Purcell et al. used dextran-sulfate, as a heparin mimetic, 

within an MMP-degradable HA hydrogel to bind to TIMP-3, an MMP inhibitor, through 
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electrostatic interactions.49 This stimuli-responsive scaffold allowed for cell secreted MMPs 

to degrade the network and dictate spatially relevant release of TIMP-3. The scaffold was 

injected into myocardial infarcted (MI) pig hearts and pathophysiological MMP expression 

was reduced by 14 days post-MI.

Correspondingly, there is a push to develop more highly defined synthetic scaffolds utilizing 

specific binding pairs for sequestration of target molecules in a spatially defined method. 

Wylie et al. took advantage of the specific interactions of barnase-barstar and streptavidin–

biotin by spatially patterning barnase and streptavidin into an agarose hydrogel using 

photolithography (Fig. 4b).58 Next, proteins functionalized with either barstar or biotin, 

were swollen into the hydrogel and immobilized only in locations where the binding partner 

was located to direct 3D adult neural precursor cell invasion. In a complementary approach, 

Mosiewicz et al. used enzymatically degradable hydrogels combined with photopatterning 

of growth factors to direct MSC migration (Fig. 4c).44 First, MSC clusters were 

encapsulated in an MMP-degradable PEG hydrogel, and platelet derived growth factor B 

(PDGF-BB), a known MSC chemoattractant, was conjugated in precise regions near the cell 

cluster. MSC were shown to migrate in a biased direction towards the conjugated PDGF-BB 

as quantified through the cell densities within the patterned and unpatterned regions (Fig. 

3c). An interesting facet of this work focused on binding Fc-chimeric proteins to spatially 

tethered protein A molecules within the hydrogel, which has broad appeal for immobilizing 

biomolecules as many Fc-chimeric proteins are commercially available.

The context in which these biochemical cues are presented to cells can play a critical role in 

the efficacy and cellular output. Using highly defined synthetic scaffolds, compelling work 

is beginning to elucidate the synergistic and antagonistic relationships between biophysical 

and biochemical cues. For example, work from Chen and coworkers found that varying the 

rigidity of polyacrylamide gels modified the functional response of TGF-β1 for mammary 

gland cells and kidney epithelial cells in inducing higher levels of apoptosis (less rigid 

substrate) or epithelial-mesenchymal transition (more rigid substrates).35 This knowledge is 

also advancing translational studies for clinical applications. Cosgrove et al. showed that 

inhibition of p38α and p38β on soft hydrogel culture platforms promoted higher yields of 

functional stem cell populations relative to inhibition on TCPS for muscle regeneration 

application.6 In this example, the biochemical inhibition and the biophysical hydrogel 

culture platform worked synergistically, resulting in a desired cellular output for a clinical 

application. Complementary, there is a focus within the induced pluripotent stem cell 

community to use hydrogels to retain pluripotency and increase proliferation through the 

synergistic presentation of biochemical and biophysical cues which is discussed in depth by 

Dingal et al.12 Synthetic hydrogels provide a simple, versatile and highly defined culture 

platform to elucidate the interplay between biochemical and biophysical cues on cell 

function and further to engineer more effective tissue engineering scaffolds for regenerative 

medicine applications.
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CELL-DIRECTED AND USER-DIRECTED MICROENVIRONMENTAL ECM 

REMODELING

The ECM is a highly dynamic environment that is locally degraded and remodeled during 

development, homeostasis, wound repair, and even pathophysiological events. Degradation 

of the ECM primarily occurs through enzymatic cleavage by cell-secreted proteases, 

allowing cells to remodel their local microenvironment or move through this dense matrix 

(Fig. 5a). To capture the dynamic nature of ECM remodeling, synthetic hydrogels are often 

engineered to degrade through hydrolytic mechanisms, user-tunable mechanisms (e.g., light 

cleavable, exogenous delivery of chemicals), or enzymatic mechanisms (e.g., protease 

secretion).28 This section will focus on cell-mediated and user-dictated degradation 

mechanisms, the former allowing the synthesis of hydrogels to observe cells in a native-like 

environment and the latter allowing user manipulation of the hydrogel to better understand 

matrix signaling.

To examine how stiffness and structure affect cell function, photodegradable hydrogels were 

developed that allow for user-tunable material properties in space and time. Photodegradable 

gels have been used in a number of studies that investigate how temporal manipulation of 

the synthetic hydrogel regulates cell function. As discussed previously, these user-tunable 

hydrogels have advanced our understanding of cellular mechanotransduction and 

mechanical ‘memory’.55,59 Photodegradable hydrogels have also been used to study how 

cells receive mechanical information from the environment by spatially controlling cell 

adhesion on a sub-cellular length scale. Tibbitt et al. used photodegradable PEG hydrogels 

to study cytoskeletal pretension through sub-cellular focal adhesion detachment of 

encapsulated and spread cells within 3D hydrogels.54 Further, photodegradable hydrogels in 

combination with two-photon lithography allow for structural changes such as developing 

3D channels and shapes to be formed. Kloxin et al. used this technique to develop a culture 

platform that recapitulated the alveolar structure for epithelial lung cell alignment.30 Using 

similar techniques, cyst-like and vascular-like structures can be created within a 3D scaffold 

for tissue regeneration applications.

Synthetic hydrogels are routinely engineered to degrade in response to cell secreted 

enzymes, serving as robust in vitro models of tissue matrices or useful cell delivery vehicles. 

Seminal work from Lutolf et al. showed that by crosslinking a PEG-based hydrogel with an 

MMP-cleavable peptide sequence (Ac-GCRD-GPQGIWGQ-DRCG) cells locally degraded 

the material through a physiological mechanism allowing for cellular invasion into the 

hydrogel.38 This ushered in a major advance towards synthetic scaffolds that more closely 

mimic the ECM. Similar materials and approaches are now being pursued to design 

biomaterials that can actively promote infiltration by endogenous cells or dispense delivered 

cells at sites of injury.31

From a fundamental perspective, these materials are useful as in vitro culture platforms 

where cell-mediated matrix degradation has been implicated in determining cell 

differentiation fate. Khetan et al. encapsulated mesenchymal stem cells into hyaluronic acid 

(HA) based hydrogels and concluded that differentiation pathways were determined through 

degradation-mediated cellular traction and not a function of cell shape or elastic modulus of 
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the material.29 Finally, cell-mediated degradation can be tuned through the introduction of a 

myriad of enzymatically-degradable peptide sequences with varying cleavage kinetics 

enabling the design of materials that are application and hypothesis specific through the 

simple functionalization of effective peptide sequences.47 For example, Patterson et al. 

studied the degradation rates of a large subset of enzymatically degradable peptides in the 

presence of MMP-1 or MMP-2 to better engineer hydrogels for 3D cellular invasion from 

aortic chick rings into PEG based hydrogels. Shown in Fig. 5b, is cell invasion into a 

hydrogel with a slower cleaving peptide (GPQGIWGQ) or a faster cleaving peptide 

(VPMSMRGG) for the MMPs secreted by the migrating cells.

While advances in real time tracking have fueled our understanding of cell matrix 

interactions in 3D, less is understood about dynamic changes in material properties that 

occur as a result of degradation of the hydrogel scaffold itself. To this end, fluorescently 

quenched peptides have been developed as sensors to directly detect cleavage of sequences 

(un-quenching the fluorescence), as a measure of MMP within a hydrogel matrix.32,34,46 

These peptides are conjugated as ligands isotropically within the network, and when cleaved 

become fluorescent and can be visualized using fluorescent microscopy or quantified using a 

plate reader. There is also a focus on understanding how the material structure in the 

pericellular region is being degraded and remodeled, and multiple particle tracking is one 

technique that has emerged to characterize the gel-sol transition surrounding a cell.51,52 

Cells also attach to the network through focal adhesions and pull on the network to spread 

and migrate. Here, traction force microscopy has proven to be a useful tool to measure this 

force in both 2D and 3D hydrogel cultures. 29,33,53 Together these microrheological methods 

and spectroscopic tools for characterizing degradation will provide the field with a much 

deeper understanding of the complex changes that occur during cell-mediated matrix 

remodeling.

FUTURE OUTLOOK AND PERSPECTIVE

Synthetic hydrogels provide a versatile and reductionist platform to effectively recapitulate 

aspects of the ECM through the introduction of biophysical and biochemical facets to direct 

cell function. Future questions in the field will continue to focus on improving the 

understanding as to how important inputs interact synergistically or antagonistically to elicit 

responses in cells. Large data sets that evolve as biological measurements advance will 

provide a wealth of information, but sifting through this data to determine major signaling 

pathways, to define concentration space, and to discover synergistic cell-material 

interactions will be critical to guide bioscaffold design and translational application.

An ever-growing library of techniques to create functional scaffolds and conjugate various 

bioactive signals are being developed, and high-throughput techniques for processing and 

screening will play a critical role in parsing out synergistic and antagonistic effects. 

Synthetic hydrogels allow for creation of 3D environments where cellular functions are 

readily imaged. However, 3D culture and analysis is more complicated than 2D assays, and 

advanced methods for real time tracking of cell signaling and functions while embedded in 

hydrogels will be very insightful when applied to systematically engineered cellular 

microenvironments. For example, Gupat et al. utilized thiol-ene chemistry to develop 
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versatile and tunable high-throughput culture platforms to interrogate spatially defined cell 

attachment. 19 Similar techniques will provide probing methods for informed hypothesis 

generation followed by detailed mechanistic understanding of these results. For example, 

high-throughput techniques would allow for the study of the contextual presentation of 

soluble or substrate-bound biochemical cues in different biophysical contexts to better 

understand their relational effects on cell function. Further, investigations over broad 

concentration ranges of biochemical cues that are spatially defined will facilitate the 

identification of effective and physiologically relevant presentation techniques, especially 

when multiple factors are being delivered. Collectively, these types of experiments will 

facilitate an improved understand of the relevant time and length scales upon which one 

needs to direct cell-material interactions to promote tissue regeneration.

Beyond biological analysis, new chemistries and materials that allow dynamic probing of 

cell matrix interactions are needed, and some innovations of note include materials with 

reversibly tunable mechanics and biochemical functionalities. Here, covalently adaptable 

networks that recapitulate the stress relaxation nature of certain tissues (e.g., muscle) may 

fill a niche in material design and allow deeper insight as to how cells interact within 

environments with physiologically relevant viscoelastic properties.41,42 Others have shown 

the use of additional fragmentation chain transfer reactions, which have significantly 

impacted the synthesis of polymers with controlled molecule weight and composition, and 

applied them to hydrogel cell culture systems for the reversible introduction of matrix 

signaling ligands.16

Increased investigation into how cells engage with ECM cues will provide a better working 

model to develop in situ and in vitro platforms for cell culture, as well as guide the 

engineering of substrates for regenerative medicine applications. Using synthetic hydrogels, 

the opportunity exists to simplify the design strategy and take advantage of local signals 

present at an injury site, such as sequestration resulting in a more sustained and amplified 

signal. Additionally, scaffolds might be designed with critical signals to slightly perturb a 

non-healing wound into one that results in healing. Future design of bioactive and 

bioresponsive hydrogels will take advantage of many of the synthetic and engineering 

techniques described above to direct degradability, mechanotransduction, and local 

biochemical molecule delivery.

In summary, synthetic hydrogels afford great opportunity to recapitulate important aspects 

of the ECM using advances in polymer chemistry and engineering material properties. 

Techniques are being developed to test large experimental spaces of these different facets to 

better understand their interplay in directing cell output that should ultimately translate into 

more effective in vivo applications. More detailed analysis of individual and collective 

cellular interactions within scaffolds on various length and time scales will help elucidate 

the engineering parameters towards the rational design of materials for regenerative 

medicine. Collaboration with biologists and biochemists will result in well-defined 

hypotheses to test and experimental setups that will focus on important cellular outputs. 

These well-defined hypotheses and translational applications will be increasingly important 

to guide future tissue engineering research focused on cells derived from multiple sources 

(e.g., primary cells, embryonic cells, induced pluripotent stem cells), delivery of newly 
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discovered signals (e.g., miRNAs, siRNAs, peptides, small molecules), and advances in the 

chemistry of hydrogels used to deliver these signals.
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FIGURE 1. 
(a) The extracellular matrix is composed of many different proteins, including collagen, 

fibonectin, and laminin, which were carefully preserved in decellularized heart tissue in a 

study by Ott et al.45 (b) The cellular microenvironment is a complex biophysical and 

biochemical environment where cells reside. This microenvironment includes degradable 

structural fibers, adhesive binding domains, and proteoglycans for biomolecule 

sequestration.
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FIGURE 2. 
Examples of prominent reactions used for bioconjugation and/or hydrogel crosslinking: (a) 

base catalyzed thiol-vinyl sulfone Michael addition, (b) radical mediated thiolene, (c) strain-

promoted azide-alkyne cycloaddition (SPAAC).
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FIGURE 3. 
(a) The ECM provides important biophysical cues, such as matrix elasticity, illustrated here 

with a stiff, dense matrix (Left) and a soft, loose matrix (Right). Synthetic hydrogels can 

recapitulate these properties by tuning their mechanical properties. (b) Hydrogels with 

phototunable elasticity provide a versatile platform to study the role of biophysical cues in 

directing cell function. Yang et al.59 cultured MSC on stiff substrates for 1 or 10 days and 

then softened the hydrogels in situ using a pre-determined dose of light. RUNX2 and YAP 

nuclear localization was then observed for up to 10 days, and they both followed similar 

trends. Shown here, the percent of hMSC with nuclear RUNX2 localization returned to basal 

levels after being cultured for only 1 day on stiff substrates (DSt1) and different durations on 

soft substrates. The stiff and soft controls correspond to the average RUNX2 localization for 

cells only cultured on stiff substrates (i.e., not softened with light) or only on soft substrates 

(i.e., softened with light) and represent full and basal levels of activation, respectively. (c) 

When hMSC were cultured on stiff substrates for 10 days (DSt10), RUNX2 localization 

persisted at active levels even after culture on soft substrates, indicating that 10 days on stiff 

substrates induced irreversible activation of RUNX2. The data are plotted as the mean ± 

SEM. NS, not significant; *p <0.05; **p<0.01; ***p <0.001.
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FIGURE 4. 
(a) Techniques based on covalent and physical immobilization are being developed for 

spatial biomolecule patterning to recapitulate aspects of biomolecule sequestration. Further, 

peptide mimics have been shown to be effective for recapitulating cell adhesion in otherwise 

non-adhesive hydrogels. (b) Using barstar-barnase and biotin-streptavidin binding pairs, 

Wylie et al.58 spatially tethered fluorescently labeled sonic hedgehog and ciliary 

neurotrophic factor into a hydrogel through physical immobilization. (c) Moseweicz et al.44 

spatially patterned PDGF-BB to direct the invasion of encapsulated MSC. A confocal 

micrograph shows that MSC, labeled with DAPI (blue), more efficiently invaded the 

patterned region of a hydrogel with covalently immobilized PDGF-BB (purple).
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FIGURE 5. 
(a) Cellular remodeling and degradation play an important role in regulating the dynamic 

nature of the ECM. The introduction of hydrogels that degrade in response to cell-secreted 

enzymes begins to recapitulate this natural process. (b) Patterson et al.47 synthesized PEG 

hydrogels that were crosslinked with two different peptide sequences that vary in 

degradation rates. Cells from the aortic chick ring invaded the MMP-degradable network at 

different rates based on the cleavage rate of the peptide sequence, GPQGIWG (slower) and 

VPMSMRGG (faster).
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