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Molecular recognition events comprise the establishment of intricate networks of specific transient 

interactions between ligands and receptors. These occurrences are ubiquitous in Nature and key for 

Life as they regulate cells and organisms. As such, it is not surprising that the affinity and 

selectivity associated to molecular binding events have been the focus of research efforts, which 

further fed technological advances in diverse fields as medicine and materials science. One example 

includes the use of affinity interactions between building blocks comprising ligands and cognate 

receptors, as the driving force to trigger the self-assembly process of supramolecular architectures, 

thus creating materials with emergent properties. Over the last 20 years, different affinity pairs 

ligand-receptor, with a broad range of binding constants and displayed in a multivalent way using 

several approaches, have been explored to assemble physically cross-linked hydrogels with tunable 

properties. This review provides a summary and comparison of the strategies employed so far to 

design and generate affinity-triggered hydrogels, and presents the developments and challenges of 

these interdisciplinary biomaterials, which intrinsically combine protein engineering and material 

design, in the fields of tissue engineering and drug delivery. 
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1. Introduction 

Life is maintained through a myriad of specific ligand-receptor interactions that trigger finely tuned 

reactions in cells and play a key role in metabolism. Examples of the importance of affinity 

interactions in regulating cells and organisms include protein-protein interactions controlling 

cellular signaling pathways, and antibody-pathogen recognition triggering the immunological 

defense in mammals. 

Understanding how cells, tissues and organisms work in an orchestrated way is intrinsically related 

to the study of key biological players involved in natural molecular recognition events. Such 

knowledge then boosts several biomedical and technological advances based on the manipulation of 

the interactions between ligands and receptors. The universe of molecular architectures that can be 

explored to define new ligands with tunable affinity and selectivity towards a defined target is not 

restricted to natural ligands, and includes engineered peptide and protein architectures [1], or 

peptidomimetics and synthetic scaffolds [2,3]. An excellent example of engineering molecular 

recognition for different purposes is the exploitation of the interaction between bacterial protein A 

derived from Staphylococcus aureus and antibodies to develop affinity chromatography adsorbents, 

currently used in biopharmaceutical industrial settings to obtain pure antibody preparations [4,5]; 

and the engineering of the protein A fold to develop novel biomedical tools in imaging and therapy 

against non-cognate partners [6,7].  

Within the materials science field, molecular recognition is typically used to add a particular 

function. For example, affinity and selectivity towards a defined biological target can be achieved 

through the immobilization of ligands onto 2D and 3D materials. These functional materials find 

applications in biosensing and biomaterials design. In the latter, a typical approach is to control the 

biological activity of materials by incorporation of adhesive peptides containing the sequence 

arginine-glycine-aspartic acid (RGD), which promote the attachment of numerous cell types [8–11].  
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An alternative way of interfacing molecular recognition with material science is to use affinity 

interactions (from 104 to 1015 M-1), as the driving force to promote the self-assembly of 

multicomponent building blocks containing ligand and receptor molecules. Such a process may 

generate macroscopic materials, typically hydrogels, which represent an important class of physical 

hydrogels that combine the knowledge of material scientists and peptide/protein engineers. The 

selective molecular recognition, the broad range of binding constants of available affinity pairs and 

the existence of diverse multivalency systems, make affinity-triggered hydrogels a versatile and 

promising tool to generate complex, dynamic, synergistic, tunable and highly functional materials.  

 

This review article focuses on affinity-triggered hydrogels promoted by the establishment of 

specific interactions between surfaces, typically found in protein-protein and protein-ligand (where 

ligand is a peptide, a sugar or a small ligand) interactions. As such, the manuscript will not address 

other affinity-based supramolecular hydrogels formed by host-guest interactions and molecular 

switches, which represent also a very rich literature source on designed and tunable biomaterials 

[12–17]. In the present paper, a brief introduction to hydrogels, and the differences between 

chemically cross-linked and physically cross-linked hydrogels is given first. In the second part of 

the review, the critical aspects to be considered in the design and application of affinity-triggered 

hydrogels are given, namely (1) an overview of affinity pairs ligand-receptor already explored, (2) a 

summary of the ways to generate multivalency, and details about the requisites of hydrogels for 

tissue engineering and drug delivery applications. The third section of the article provides an 

overview of the examples of affinity-triggered hydrogels reported over the last 20 years. Finally, the 

current challenges of affinity-triggered hydrogels and future directions in the field are discussed.    

 

2. Chemically and Physically Cross-linked Hydrogels 
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Hydrogels are three-dimensional macroscopic networks comprising of insoluble networks of 

hydrophilic polymers, either natural or synthetic [18–20]. Hydrogels present solid-like mechanical 

properties and contain 90-99 % of water [21]. Despite the large amount of water absorbed, 

hydrogels maintain their structural integrity due to their chemical or physical networks [18]. The 

first description of a hydrogel reports back to 1960, when Wichterle and Lim [22] polymerized and 

cross-linked 2-hydroxyethyl methacrylate into a transparent gel for the manufacture of contact 

lenses. The goal was to develop a material that could substitute plastics in the field of alloplastic 

and prosthetics, but with a higher biocompatibility and permeability to metabolites. Since then, 

research on hydrogels moved towards various biomedical applications, including for example cell 

encapsulation [23]  and/or implantation [24,25], wound healing [26], cartilage repair [27], 

cardiomyocytes mimics [28] and neurite growth [29]. Novel methodologies that dynamically tune 

hydrogels properties in a controlled fashion open several opportunities in the biomaterials field [30]. 

Hydrogels can be classified on the basis of several criteria [31], although the most conventional way 

is to perform the classification based on the preparation method, including the type of crosslinking 

mechanism used [32]. In this sense, hydrogels can be classified in chemically or physically cross-

linked. The main characteristics of chemically and physically cross-linked hydrogels are 

summarised in Table 1 and Figure 1. 

Chemically cross-linked hydrogels are assembled and maintained by strong covalent bonds 

(typically 40-100 kcal/mol) formed between polymeric chains through the aid of cross linkers. The 

establishment of covalent bonds between polymeric chains imply that compatible functional ends 

exist at the polymer backbone or side chains (naturally or added by chemical modification of the 

polymer chains), and that these groups can form covalent bonds upon activation by chemical agents 

(e.g. a suitable chemical cross-linking agent; a reaction catalyst; and enzymatic reaction) or physical 

stimulus (e.g. light). An extremely relevant class of chemical hydrogels are those assembled via 

click-chemistry reactions, in particular those based on biocompatible reactions [33]. In comparison 
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to conventional chemical routes, click-chemistry approaches increase the speed, yield and 

selectivity of the reactions, augmenting the control and precision over the gelation process [30]. The 

covalent bonds formed between hydrogel components, despite being strong in nature, can be 

irreversible or reversible on-demand thereby influencing the hydrogel properties, as recently 

reviewed [32]. 

Physical cross-linking between polymer chains or hydrogel components occurs without the need to 

perform further chemical modifications. In these cases, gelation depends on the intrinsic properties 

of the hydrogel components, and can be usually reversed upon modifying the environment, 

therefore offering dynamic systems [34]. When using natural polymers, gelation can be typically 

triggered by changes in temperature (e.g. physical entanglement in gelatin) or by establishing ionic 

interactions (e.g. alginate). Physically cross-linked materials can also be assembled on the basis of 

supramolecular chemistry. The process is fairly independent on the addition of organic solvents or 

chemical cross-linkers [35], but is influenced by environmental cues such as pH (when the 

solubility of the gelator is modulated around the pKa of protonated groups in the molecule) [36], salt 

concentration (which reduces the effects of electrostatic repulsion between the components) [37] or 

solvent polarity (when the solubility of the gelator is higher in organic solvents than in water) [38]. 

The formation of the hydrogel network can also be triggered enzymatically, when an enzyme 

converts a soluble precursor into a supramolecular hydrogel [34,39]. Here, a myriad of weak non-

specific and non-covalent bonds (e.g. electrostatic and ionic, hydrogen bonds, hydrophobic and π- π 

stacking, and van der Waals), individually with 0.1-5 kcal/mol, are established and concerted to 

form stable nanostructures, which further originate complex macroscopic assemblies. Amphiphilic 

peptides [40] and coiled-coil peptides, which self-assemble into a helical structure and a 

hydrophobic face [41], originate hydrogels maintained mainly by hydrophobic interactions. β-

hairpin assembly peptides [42] and orthogonal self-assembly via molecular stacking of ureido-

pyrimidinone motifs [43–45] explored hydrogen bonding to form hydrogel networks. The 



  
 

6 
 

 

electrostatic interactions between heterotrimeric helices of collagen-like peptides [46] have also 

been explored to form physically cross-linked hydrogels. Another example of physical hydrogels is 

those formed upon the establishment of non-covalent but specific interactions between hydrogel 

components, which can be considered as affinity-triggered hydrogels. Here, crosslinking greatly 

depends on the selectivity and binding affinity between the hydrogel components containing the 

two complementary moieties [47]. The great advantage of affinity-triggered hydrogels is that the 

assembly process relies only on the molecular interactions between the affinity pair, without 

requiring any external stimulus. Therefore the hydrogel network can be formed at physiological 

conditions, which is desirable for cell-related applications [9].  

 

3. Affinity-triggered hydrogels 

Affinity-triggered hydrogels are multicomponent systems. Typically, two components are used, 

each one containing a member of the affinity pair ligand-receptor. The ligand and the receptor 

establish specific non-covalent interactions between each other. The key parameters to be 

considered when assembling an affinity triggered hydrogel – affinity pair and multivalency - merge 

the knowledge from protein engineers and material scientists, and further impact the final 

application of the materials. Moreover, polymer weight, polymer concentrations, chain rigidity and 

crosslinking density can also be tuned to obtain hydrogels with the desired properties. This section 

will detail aspects related with the affinity pairs used for the generation of hydrogels, as well as the 

strategies available to generate multivalency, and finally discuss the main applications found for 

affinity-triggered hydrogels. 

 

3.1. Ligand-receptor pairs for hydrogel formation 

Nature is generous in the amount and diversity of affinity pairs ligand-receptor. However, not all 

reported affinity pairs can be easily manipulated outside the cellular environment, usually due to 
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their complexity, low stability or lack of information for production in host systems. As such, the 

real number of affinity pairs explored for the assembly of hydrogels is smaller than that offered by 

Nature, and can be grouped in systems that include peptide-peptide, protein-peptide, protein-small 

ligand, protein-protein or carbohydrate-peptide/protein (Table 2 and Figure 2). While most 

examples report natural biological ligand-receptor partners, there are a few systems where the 

ligands or receptors have been engineered to improve affinity, selectivity or stability (e.g. WW 

domain CC43 a computer derived WW domain with improved affinity towards the target peptide) 

[9]. The details of each affinity pair used so far to assemble affinity-triggered hydrogels are detailed 

in section 4. 

The non-covalent interactions established between hydrogel components containing ligand and 

receptor occur through different binding events and are characterized thermodynamically by 

equilibrium constants (the affinity or association constant, Ka) and kinetically (by association, ka, 

and dissociation rate constants, kd). The equilibrium constant is directly related to the free energy 

levels of the bound and unbound complex. As the bound complex becomes more energetically 

favourable, the degree of association increases, until a contiguous network is formed. A more 

detailed overview of how physically-cross-linked hydrogels are governed by these constants has 

been reviewed elsewhere [48]. The determination of affinity constants (Ka) in an affinity pair 

ligand-receptor, can be performed by a wide variety of experimental methods, namely surface 

plasmon resonance, isothermal titration calorimetry, NMR spectroscopy, ELISA methods, 

microscale thermophoresis, atomic force microscopy, among others [49], or in silico using 

molecular modelling approaches [50]. 

 

3.2. Strategies to generate multivalency  

In order to create affinity-triggered hydrogels each component of the affinity pair must be prepared 

in a multivalent manner to ensure the formation of a network (Figure 3). For example, Yamagushi 
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and Kiick [51] explored the affinity pair  heparin/HIP peptide affinity pair (Ka = 2.5x105 M-1): they 

did not observe the formation of a gel when one of their hydrogel components was mixed without 

being displayed in a multivalent way; when both components were displayed in a multivalent way 

and were mixed, they observed the instantaneous formation of a hydrogel. To obtain the multivalent 

display of the components, three strategies have been used: (i) multimeric proteins can be used as 

one of the components (Figure 3A); (ii) the affinity pair components are displayed in tandem 

(Figure 3B); (iii) multimeric polymers are used as carriers where the affinity pair components are 

immobilized (Figure 3C-D). All these strategies can be combined between each other to form the 

network of an affinity-triggered hydrogel, as will be further discussed in the examples described in 

section 4. 

 

3.2.1. Multimeric proteins 

In Nature, several proteins are arranged as multimeric displays (Figure 3A), namely the tetrameric 

haemoglobin, the pentameric immunoglobulin M or the dimeric glutathione. When they are mixed 

with the corresponding receptor component, also displayed in a multivalent way, the hydrogel 

network forms as each component can simultaneously interact with more than one complementary 

molecule. Multimeric proteins can be directly purified from natural sources or produced in host 

organisms through recombinant DNA technology. Typically, the second option increases the 

production yields and the possibility to introduce mutations and protein modifications for improved 

selectivity or affinity towards the target receptor [52]. The design of a hydrogel using multimeric 

proteins is also limited by the intrinsic properties of the protein (e.g. solubility and hydrophobicity), 

which limits the physical and chemical properties of the resulting hydrogel, as mechanical strength, 

structure and degradation rate [53].  

 

3.2.2. Tandem display 
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Tandem display of proteins or peptides implies the design of a genetic construct with a desired 

number of protein/peptide repeats intercalated or not by suitable spacers (Figure 3B) [47,53]. Such 

construct is then translated into a complex protein/peptide display expressed in host cells. The 

number of repeats as well as the nature of the linker can be varied and tuned depending on the 

easiness of protein production, namely its solubility and stability. Such modularity allows the easy 

customization of the final material and its properties. As such, independent parameters including 

solubility, mechanical properties and/or presence of cellular cues in the final hydrogel can be tuned 

[53,54]. For example, the peptide module ‘RGD’ can be introduced in the genetic construct, 

yielding a display system promoting cell adhesion [9]. This tunability of the building blocks can be 

designed to interact with cells at different length scales, mimicking more closely their natural 

environments [55]. On the other hand, peptides can also be introduced in the construct to increase 

crosslinking and provide mechanical support to the final hydrogel. Another remarkable advantage 

of this modularity design is the possibility to control the location and density of each functional 

module [53]. However, no system is perfect and the multivalency of proteins by tandem display 

also presents some disadvantages. One is related with the fact that expression systems for proteins 

in tandem present relatively low protein yields (usually lower than 50 mg/l culture), require 

extensive purification steps and have the risk of endotoxin contamination [18]. If the module is 

short enough, solid phase peptide synthesis can be an alternative, as peptide synthesizers allow the 

efficient production of peptides with 30-50 amino acid residues in sub-gram quantities at a 

reasonable price [56]. Here, it is possible to perform the precise incorporation of desired amino 

acids, contributing for reproducibility and decreasing polydispersity [57]. Click-chemistry 

approaches can also be employed to create longer sequences by combining different peptides. 

Another disadvantage is low mechanical stiffness, which can be improved using composite hybrid 

hydrogels [58], as described in the third strategy. 
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3.2.3. Multimeric polymers 

Multivalency of the affinity pair components can be achieved by chemical conjugation of the 

components to branched molecules or polymers (Figure 3C-D). There are several branched 

molecules and polymers with different configurations, typically star (Figure 3C) or linear branched 

(Figure 3D). Also, an enormous variety of robust chemistries for conjugation are available, namely 

COOH- or NH2-terminated polymers for coupling using carbodiimide crosslinking chemistries, 

maleimide-terminated polymers for thiol coupling or several click-chemistry tools [33]. The 

polymers mostly used for these purposes are branched poly(ethylene glycol) (PEG) molecules, 

which have possess good water and organic solvent solubility, lack of toxicity, rapid clearance from 

the body and low immunogenicity, similarly to linear PEG [20]. Other polymers have been assessed 

as poly(propylene oxide), poly(ethylene oxide) diacrylate, N-(2- hydroxypropyl) methacrylamide, 

polyglycolic acid, polylactic acid and polymer polylactide-co-glycolide [20,59]. Usually the use of 

polymers for the multimeric display increases the stiffness of the hydrogels structure [19,58]. 

Moreover, using branched polymers for the coupling of one or both of the components is an easy 

way to control avidity (combined strength of interactions) [60]. 

 

3.3. Applications of affinity-triggered hydrogels 

Hydrogels find applications in a myriad of areas, which range from biomedical areas in tissue 

engineering and repair [61,62], drug delivery or imaging [63,64], to soft robotics [65], wearable 

electronics [66], sensing [67], soft devices and actuators [68], or power sources [69]. For the 

particular class of affinity-triggered hydrogels, the examples reported include biomedical uses in the 

field of tissue engineering and drug release, which will be detailed in this section (Table 3). 

Tissue engineering combines biology, engineering and materials science to develop biological 

substitutes which can improve, restore or maintain tissue function [70]. Independently of cell type, 

transplantation model or methods of quantification, one of the major issues of tissue engineering is 
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that only a small fraction of transplanted cells remain at the site after transplantation [24]. As a 

result, multiple cell injections are required to obtain functional recovery. Encapsulating the cells 

into a self-supporting material that replicates the in vivo cell environment is a good alternative.  

Using an affinity-triggered hydrogel allows a much better control at the molecular level [53], which 

is not achieved from materials obtained from natural sources.  

Affinity triggered hydrogels have also found applications in drug release. With the appearance of 

newer and more powerful drugs and slow progress in the efficient treatment of severe diseases, 

there has been an increasing attention to develop methods of administration of small drugs to larger 

biological agents into the body [71]. There is a need to improve the efficacy of delivery and 

controlled release of therapeutics, while lowering dosage and therefore cost of therapy, with 

simultaneous better patient compliance [48]. The main goals for effective controlled release systems 

are the controlled location of the payload, the stable release of the therapeutic agent, the lack of 

toxicity and stability of the entire assembly and encapsulated cargo. 

Affinity-triggered hydrogels possess intrinsic properties that make them particularly well suited for 

these applications (Table 3). Hydrogel stiffness can be controlled by different strategies, including 

adjustment of polymer concentration, crosslinking method or modulation of the density and 

distance between crosslinks along the material [72]. Stiffness tuning has also been achieved with 

affinity-triggered hydrogels, by altering protein concentration [73], the molar ratio of each 

component [74] and the binding affinity between the components [9]. Stiffness control is a major 

advantage when working with stem cell differentiation, as it can more closely mimic the in 

vivo environment (Figure 4). Furthermore, as the affinity pairs used typically interact under 

physiological conditions, hydrogel assembly is made under very mild conditions, perfectly 

compatible with biological entities as cells or proteins, and also compatible with in situ assembly. In 

addition, it is possible to also disassemble the hydrogel components by adding controlled 

concentrations of inhibitors or by providing environmental conditions that do not favour binding 
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between the affinity pair components. On the other hand, and due to the high selectivity that 

characterizes affinity interactions, it is possible to incorporate chemically or biologically (by genetic 

encoding) other functional moieties that improve hydrogels performance, namely the introduction 

of biological cues for cell recognition and control. There are of course some limitations on the use 

of affinity-triggered hydrogels for tissue engineering and drug delivery. Firstly, each affinity pair 

has specific properties, namely affinity constant, binding/release conditions, optimal multivalency 

which requires a case-to-case optimization. Despite the various possibilities to tune hydrogels´ 

stiffness, their mechanical properties are usually weak. On the other hand, and depending on the 

availability and easiness of production, the amount and cost of each affinity pair component is 

varied, and in some cases can be prohibitive for large-scale applications. It is also important to 

ensure that any new functionality given to the hydrogel through the incorporation of specific 

functionalities does not interfere with target binding and affinity-pair complex formation due to 

steric hindrance effects. Finally, binding between the affinity pair components must be assessed in 

the conditions of the final application, for example in the presence of cell culture media or body 

fluids, as molecular recognition is context-dependent.  

 

4. Ligand-receptor pairs for affinity-triggered hydrogels and their applications 

Over the last 20 years, affinity-triggered hydrogels have gathered the interest of researchers, and 

several examples have been reported so far. These are summarised in Tables 2 and 4, as well as the 

main properties and application explored in each case. In this section, the reported examples of 

affinity-triggered hydrogels will be detailed, and an overview of less traditional approaches will be 

given at the end. 

 

4.1 Concanavalin and glucose   
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Lectins are carbohydrate-binding proteins that interact with glycoproteins and glycolipids on the 

cell surface contribution for cell adhesion and agglutination [75]. Concanavalin is a tetrameric lectin 

that binds glucose, with an affinity constant of 2x104 M-1 [76]. 

Obaidat et al [77] co-polymerized glucose and acrylamide in the presence of initiators. When mixed 

with commercial concanavalin in the presence of MnCl2 and CaCl2, the physical interactions 

between both molecules lead to the formation of a self-assembly hydrogel (Figure 5A). The authors 

observed that a low concentration of glucose-polymer (0.57 mg/ml) and a high concentration of 

concanavalin (100 mg/ml) was required for hydrogel formation. The hydrogels were sensitive to 

free glucose, with reversible sol-gel behavior in the presence or absence of glucose. The 

concentration was dependent on the concentration of glucose-bound polymer. The authors aimed to 

use this affinity-triggered hydrogel as a self-regulating insulin delivery system, which was achieved 

in a latter study [78]. The concanavalin/glucose hydrogel was placed between two porous 

poly(hydroxyethy1 methacrylate) membranes, separating two adjacent chambers. Lysozyme (14.4 

kDa) and insulin (5.8 kDa) were added to the first chamber. No protein (lysozyme or insulin) was 

detected in the second chamber before glucose addition, as the hydrogel did not allow protein 

diffusion or passage. As the concentration of glucose was increased, the amount of crosslinks 

decreased and more protein started to be detected in the second chamber (Figure 5B).  

Lee and colleagues [79] used a similar strategy to obtain affinity-triggered hydrogels. In their 

strategy, glucose was co-polymerized with 1-vinyl-2-pyrrolidinone in the presence of initiators. 

Similarly, when mixed with commercial concanavalin, a hydrogel network was assembled. The 

authors determined the influence of glucose concentration in copolymer, concentration of glucose to 

1-vinyl-2-pyrrolidinone ratio and concentration of concanavalin in hydrogel assembly. The results 

showed that hydrogel formation was more favorable if the glucose content on the copolymer and/or 

concentration of concanavalin was increased. The addition of free glucose also resulted in hydrogel 

dissolution and its removal by dialysis resulted in hydrogel assembly. 
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A monomer having a pendant glucose moiety has also been used for the formation of concanavalin 

and glucose affinity-triggered hydrogels [80], with similar response to free glucose and mannose, 

but not galactose.  

 

4.2.Antibody and antigen 

The antibody-antigen interaction has been explored in many areas including therapeutics, diagnosis, 

in vitro analysis and affinity purification [4]. Due to the highly specific and strong interaction, it 

would be expected that the affinity pair antibody/antigen would be used to assemble affinity-

triggered hydrogels. This concept was first explored by Miyata et al in 1999 [81]. Rabbit IgG was 

employed as the antigen and goat anti-rabbit IgG as the antibody, with an affinity constant of 

2.6x108 M-1. The vinyl-antibody was co-polymerized with acrylamide in the presence of redox 

initiators and the vinyl-antigen was co-polymerized with acrylamide and N,N-

methylenebisacrylamide to allow the multi-display.  When both components were mixed, a 

macroscopic hydrogel network was formed (Figure 6A). The authors observed hydrogel reversible 

swelling when the hydrogel was immersed in solution containing free antigen and no antigen, 

respectively. Furthermore, the hydrogel did not swell in the presence of free goat IgG, showing the 

selectivity of the antibody towards its specific antigen. Further swelling experiments with 

encapsulated haemoglobin showed that the protein only permeated the hydrogel structure in the 

presence of rabbit IgG. Such observation renders many possibilities for drug delivery applications 

[75]. 

The effect of preparation conditions and network structures on the swelling and shrinking behaviour 

of the hydrogels was studied [82]. Two different strategies were assessed: (i) both antigen and 

antibody were chemically coupled to polymers, forming a semi-interpenetrating polymer network 

(Figure 6A) and (ii) the antigen was immobilized to the polymer chain and the antibody was free, 

forming antibody-antigen entrapment hydrogels (Figure 6B). The swelling behaviour was strongly 
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influence by protein concentration and crosslinking density, as well as antigen concentration in the 

solution. Furthermore, the authors observed that the antibody-antigen entrapment hydrogels did not 

shrink completely after removal of the antigen, but the semi-interpenetrating polymer network 

hydrogel did so, with reversible swelling/shrinking behaviour. 

Later, Gubeli and collegues [83] explored the affinity of a humanized single-chain antibody 

fragment with affinity towards fluorescein. Both molecules were conjugated to 40 kDa 8-arm PEG 

molecules and rendered a G’= 60.5 Pa hydrogel after mixing the two components (Figure 6C). The 

addition of free fluorescein resulted in total erosion of the hydrogel after 3 hours. The authors 

assessed the potential of the material for tissue engineering. They observed high human embryonic 

kidney cell viability after 48 hours. The authors also explored the potential of the hydrogel for 

vaccination against oncogenic human papilloma virus type 16. They were able to encapsulate 

capsomeres derived from the viral L1 capsid protein, which was only released after fluorescein 

addition. The vaccine hydrogel was used to induce the immune response in mice, and observed 

good tissue compatibility and no significant signs of inflammation or rejection [83]. 

 

4.3. Avidin and biotin 

Avidin is a natural tetrameric protein that binds biotin with a high affinity constant (1015 M-1). Due 

to its strong affinity, which resembles a covalent bond, the affinity pair has been used for the 

modification of surfaces, nanoparticles and hydrogels for sensing and drug delivery applications 

[84–87]. Binding studies with biotin analogues have shown that the main interaction between biotin 

and avidin is due mostly to the ureido portion of biotin [88]. However this interaction is supported 

by many contributions. First, there is a shape complementarity between the binding pocket and 

biotin. Second, an extensive hydrogen bond network is formed between biotin and avidin. The 

‘first-shell’ of hydrogen bonding is made directly with residues located at the binding site (Ser45, 

Asn49, Ser88, Thr90 and Asp128). A ‘second-shell’ of hydrogen bonding involves residues that 
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interact with the former residues [89]. Third, the biotin-binding pocket is hydrophobic, lined with 

tryptophan residues. Hydrophobic and van der Waals force-mediated contacts further contribute for 

the high affinity [88]. Furthermore the binding of biotin leads to the stabilization of a flexible loop 

connecting two neighbor strands of avidin, acting as a ‘lid’ over the binding pocket and stabilizing 

the biotin binding [89]. 

Being one of the most well-known affinity pairs [10], it has been also used for the assembly of 

affinity-triggered hydrogels. Liu and colleagues [84] modified PEG oligomers with disulphide intra-

linkages with biotin on both sides. When mixed with avidin, which has four biotin-binding sites, the 

authors observed the formation of a macroscopic hydrogel (Figure 7A). When dithiothreitol (DTT) 

was added to the hydrogel, the intra molecular disulphide bonds where broke and the solution 

turned liquid and transparent. Although not reported, the authors propose that these hydrogels could 

be used for drug delivery applications and biomedical treatments, as glutathione is present in the 

body. Glutathione can reduce disulphide bonds and would cause hydrogel disruption and the release 

of the encapsulated drug.  

Another strategy to assemble avidin/biotin hydrogels was reported by Cui et al [90]. Hyaluronic 

acid was chemically modified with biotin, to generate multivalency, and then mixed with avidin, for 

hydrogel formation (Figure 7B). When free biotin was added to the system, the hydrogel was 

dissolved and the solution remained non-viscous. The hydrogel was loaded with an anticancer drug, 

doxorubicin (DOX), and the release was studied. Although the drug was released from the hydrogel 

in the presence of buffer solution (60% release after 40 hours), a quicker release rate was observed 

when the hydrogel was incubated in a solution containing free biotin (90% after 40 hours). 

In another example, a linear maleimide-terminated PEG molecule was modified with biotin for 

multivalency [10]. When mixed with avidin, a hydrogel was formed. Gel erosion was measured by 

using fluorescently-labelled streptavidin, with stability observed for over 9 months, though tunable 

between five days to three weeks depending on gel concentration. They also observed immediate 
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complete erosion when free biotin was added. This system was used for human mesenchymal 

stromal cells encapsulation. For this purpose, biotin was conjugated to two different peptides, one 

with the cell adhesion motif (RGDS) and a second with the cell adhesion motif and a matrix-

metalloproteinase (MMP) cleavable sequence (PQG↑IWGQ). The fast gelation and the strong 

network allowed a homogeneous dispersion of cells through the hydrogel matrix. A high cell 

survival was observed after 24 hours (95.4 %), indicating the nontoxicity of the hydrogel and its 

suitability for cell culture applications. Hydrogel containing higher concentrations of the PEG 

functionalized with biotin-MMP resulted in significantly larger cell spreading. 

More recently, our group explored the avidin/biotin affinity pair in a rational approach towards 

affinity-triggered hydrogels with tunable properties [91]. The influence of multimerization (linear, 

4-arm and 8-arm) on the erosion and stiffness of the hydrogels was assessed in view of the binding 

constants. A higher binding affinity was observed between avidin and multimeric biotin conjugated 

to 4-arm PEG (in comparison to 2-arm and 8-arm multimerization strategies), pointing to a better 

molecular fit between the two components. This was also observed in the mechanical properties - 

hydrogels formed by avidin/4-arm PEG-biotin (Figure 7C) were more robust than avidin/8-arm 

PEG-biotin (Figure 7D) – and in the erosion profile - avidin/4-arm PEG-biotin hydrogels were 

stable for 3 months versus 5 hours for avidin/8-arm PEG-biotin (Figure 7E). Biotin conjugated to 

linear PEG did not yield a self-supporting network. Higher concentrations of avidin/4-arm PEG-

biotin resulted in stiffer hydrogels (higher G´) but had no major influence in erosion. The avidin/4-

arm PEG-biotin hydrogels were biocompatible and further used to encapsulate induced pluripotent 

stem cells and support their differentiation into a neural lineage. After 14 days, the expression of 

PAX6 (transcription factor for ectoderm specification) and Nestin (a filament protein expressed in 

cells from the central nervous system) were visible by immunochemistry, and the presence of SOX2 

and Z01 was consistent with the formation of neuro-epithelial rosettes (Figure 7F). 
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4.4. Heparin and heparin-binding molecules  

Heparin is a naturally occurring anticoagulant and has shown the ability to sequester and stabilize 

growth factors, making it an interesting molecule to explore in affinity-triggered scaffolds for cell-

related applications. Heparin is known to bind to residues 111-165 of the C-terminal of vascular 

endothelial growth factor (VEGF), where the carboxylate groups, 2-O-, 6-O- and N-sulfation 

groups of heparin contributing for this interaction [92]. Yamaguchi et al [73] explored the affinity 

pair for hydrogel formation. Commercial heparin was combined to a four-arm branched PEG 

molecule via thiol chemistry. Dimeric VEGF was produced in E. coli, purified by heparin-affinity 

chromatography, and used without any further conjugation. When both components were mixed, 

they formed a self-supporting viscoelastic hydrogel for VEGF delivery (Figure 8A). The affinity 

constant between VEGF and heparin is 6x106 M-1 [93] and the resulting affinity-triggered hydrogel 

displayed a weak viscoelastic behavior (G’>10 Pa). These hydrogels have found applications in 

drug delivery, as heparin is naturally occurring anticoagulant and has the ability to sequester and 

stabilize growth factors. In the presence of VEGF receptors, the crosslinks were selectively 

destroyed, and hydrogel erosion was observed (after 4 days) as well as release of radioactive 

labelled VEGF (nearly 80 %). The released VEGF still displayed bioactivity, contributing for an 

increase of the proliferation of porcine aortic endothelial cells, compared to the control. Combined 

with their ability to release VEGF, the hydrogels promoted vascularization. Although these 

hydrogels were not being studied for tissue engineering applications, it is possible to infer about 

their suitability for this application based on their properties.  

Other heparin binders, namely small peptides, are described in the literature. The heparin-binding 

domain of heparin interacting protein (HIP), with the sequence CRPKAKAKAKAKDQTK, has 

been reported to bind non-specifically to glycosaminoglycans [92] and the peptide PF4ZIP 

(CGGRMKQLEDKVKKLLKKNYHLENEVARLKKLVG) is a coiled-coil heparin-binding 

peptide modelled from a heparin-binding domain of human platelet factor, where lysine residues 
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play an important role in the binding mechanism [74]. The affinity pairs heparin/HIP [51] and 

heparin/PF4ZIP [74] have been used for the development of affinity-triggered hydrogels (Figure 8B). 

In both works, both components (low molecular weight heparin and the heparin-binding peptides) 

were conjugated to four-arm star PEG molecules and formed a hydrogel when mixed at room 

temperature. The affinity between PF4ZIP and heparin (approximately 105 M-1) was not temperature-

dependent, and hydrogels presented consistent mechanical properties from 5°C to 37°C. These 

authors, as many others, also observed that the mechanical properties are greatly influenced by the 

concentration and molar ratio of both components. As expected, an increase on the molar ratio of 

the peptide results in an increase of the storage modulus, with a maximum of G’= 180 Pa. As the 

affinity pair heparin/PF4ZIP has a lower affinity compared to the affinity pair heparin/VEGF, the 

increase of the storage modulus is most likely a consequence of the heparin/PF4ZIP hydrogel using a 

branched PEG molecule for the display of both components.  The hydrogels formed on the basis of 

the interaction between peptides and heparin found applications in drug delivery with the controlled 

release of basic fibroblast growth factor (bFGF) from heparin/HIP hydrogels [51]. The bFGF 

solution was encapsulated within the hydrogel, without network disruption. The bFGF and the HIP 

binding sequences to heparin are reported to be different; therefore bFGF does not compete to the 

same binding site as HIP. In this study, the hydrogel presented 16.8 % of weight loss and 16.1 % of 

bFGF release after 4 days. The release of VEGF referred in the first example was much faster, as 

VEGF contributed for the physical crosslinks of the hydrogels itself; in this case bFGF was 

encapsulated within the network and its release was driven mainly by diffusion. This suggests that if 

the hydrogel is to be used for a long term therapeutic application and the release of the bioactive 

molecule should be slower, the molecule itself should be encapsulated and not be participating in 

the formation of the physical network. On the other hand, Zhang et al [74] explored the release of 

bFGF from heparin/PF4ZIP hydrogels. The authors observed a burst release in the beginning and a 

linear slow release for the next 10 days. It is important to stress that the release is always due to 



  
 

20 
 

 

hydrogel erosion. After 8 days the authors observed a direct correlation between hydrogel erosion 

and bFGF release. Although no application in tissue engineering has been described yet, the 

peptide-heparin gels display storage modulus values compatible with cell encapsulation – the 

literature estimates a minimum requirement of 50-100 Pa to allow mammalian cells suspension for 

tissue engineering applications [94]. Combined with their ability to release basic fibroblast growth 

factor they could aid in vascularization processes. 

Other authors used the heparin binding peptide PBD1, with the sequence 

KAFAKLAARLYRKAGC. It displayed the highest affinity towards heparin (3.3x107 M-1) (Figure 

8D) [95]. The authors describe shear-thinning hydrogels that were able to sequester exogenous 

heparin-binding peptides and release them based on their dissociation constant towards heparin. 

Peptides with lower affinity towards heparin were released at a quicker rate compared to peptides 

with a higher affinity towards heparin. The authors have also reported a dependence of the 

mechanical properties on temperature [96]. The same hydrogel displayed a storage modulus 10-

times higher at 4ºC (5000 Pa) than at 45ºC (480 Pa). This can be explained by lower diffusion 

coefficients and kinetic rate constant that result in increased time of contact between the affinity 

pair at lower temperatures. The cargo was release after 3 days, with 100 % of the hydrogel eroded. 

This feature is important for drug delivery applications, as the hydrogel network can be formed at 

lower temperatures and it will only release its encapsulated cargo when exposed to higher 

temperatures (e.g. body temperature). Although the gelation time of these hydrogels is within range 

of other described affinity-triggered hydrogels, their temperature-dependent behaviour can 

compromise their use in tissue engineering applications, in particular, in cell encapsulation.  

Later, the same authors explored the same affinity system with different heparin-binding peptides 

[96]. The two heparin-binding peptides derived from antitrombin III (dG, dansyl-

GKAFAKLAARLYRKAGC, and W, WKAFAKLAARLYRKAGC) displayed different affinities 

towards heparin and observed different viscoelastic properties. The peptides described have a 
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shielded hydrophobic core by positively-charged amino acids that contribute for solubility of the 

peptide and affinity towards anionic heparin. The authors increased the complexity of the system by 

including a cross-linker peptide with cysteine residues (GCRGDSGPQGIAGQGC) that stabilized 

the hydrogel network by chemical crosslinking with the free vinyl sulfone moieties of the PEG 

molecule (Figure 8D).  The hydrogel, which included in its composition the weakest affinity pair 

displayed a lower storage modulus (G’= 1060 Pa) compared to the hydrogel which included in its 

composition the strongest affinity pair (G’= 2760 Pa), as well as a lower time of gelation (27 

minutes and 7.3 minutes, respectively). This reveals the importance of the affinity constant between 

the pair for the formation of hydrogels with different mechanical properties. Although these 

hydrogels were not described for any particular applications, they show promising storage modulus 

for cells that require stiffer supports.   

 

4.5. TIP1 and TIP1-binding peptides 

The Tax-interacting protein-1 (TIP1) is composed by a PDZ domain, a protein-protein interaction 

domain with a key role in cellular signalling, and a possible target for drug design [97]. The general 

recognition mechanism between TIP1 and TIP1-peptide ligands is based on the hydrophobicity 

character of the binding pocket of PDZ domains as well as a structural glycine to form hydrogen 

bonds between the C-terminal carboxylate of the ligand and the protein backbone amides. The C-

terminal amino acids of the peptide ligands tend to form β-sheet interactions with β2 strand of TIP1 

[97,98]. 

Ito et al [11] developed a hydrogel based on TIP1 and its β-catenin analogue peptide ligand 

(CQLAWFDTDL). The first component (TIP1) was fused to a stable trimeric protein (CutA) to 

allow a trimeric display. The second component (TIP1-recognizing peptide) was fused to a four-arm 

PEG molecule (Figure 9A). The affinity pair presents an affinity constant of 2.3x106 M-1. By 

mixing the two components, the authors were able to form a spontaneous viscoelastic hydrogel with 
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shear-stress behaviour and reversible-phase transformation. The authors studied the applicability of 

the hydrogels for cartilage tissue engineering. Chondrocytes were encapsulate within RGD-

containing hydrogels, while still observing spontaneous gelation. Cells were still viable after 8 days 

of culture, as determined by the live-dead assay. The authors have also demonstrated the importance 

of the RGD motif, as matrices without the RGD motif did not support cell proliferation.  

Guan et al [99] increased the complexity of the system by adding a SH3-recognizing domain (called 

docking station peptide) fused to the TIP1. This docking station peptide allows the functionalization 

of the network with SH3-tagged proteins (Figure 9B). These constructs were able to form hydrogels 

with a storage modulus of 262 Pa, which displayed self-healing properties and were explored for 

drug delivery applications. Two fluorescent molecules were encapsulated in the matrix and a faster 

release rate of the smallest molecules (20 kDa dextran versus 524 Da pyranine) was observed. It 

was also possible to immobilize globular proteins by fusing a docking station-tag to two different 

proteins (green fluorescent protein and laccase). Hydrogels with immobilized laccase were more 

stable as the protein is a trimer and can further contribute to increase the crosslinking of the 

hydrogel network. A release of protein by means of hydrogel erosion was recorded. This principle 

could be used for other bioactive molecules or drugs.  

Other authors have used an ubiquitin-like domain (ULD) as the tetrameric display domain of the 

TIP1 protein [100] (Figure 9C). Although a direct comparison is not possible, the ULD display 

should render hydrogels with a higher stability than the CutA display, due to the higher number of 

possible crosslinks in the tetrameric display. Mesenchymal stem cells were encapsulated, achieving 

high density and viability after 7 days. The authors were able to have an increase of the metabolic 

activity of 359 % at day 7.   

In the literature several TIP1-binding peptides have been described with different affinities towards 

TIP1, which can still be explored for the formation of hydrogel with different properties. For 

example, by studying the molecular interactions between TIP1 and a natural peptide ligand (Ka = 
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1.6x105 M -1), it was possible to define a peptide motif (WRESAI) with a higher affinity towards 

TIP1 (Ka = 1.2x108 M -1).[98] This tight binder was then fused to a self-assembly motif (Nap-

GFFYGGWRESAI) which formed nanofibers in solution, resulting in a viscous solution.[101] The 

network was further enhanced when the self-assembly peptide was mixed with ULD-TIP1 

(maximum of 320 Pa of mechanical strength). The affinity-triggered interactions were used to 

further increase the mechanical stability of the previous system, and peptides with different 

affinities towards TIP1 resulted in hydrogels with different mechanical properties. Although these 

hydrogels were not described for any particular application, it is possible to conclude that it has an 

adequate storage modulus to support cell encapsulation. 

A different multimerization domain for TIP1 was reported by Zhang and colleagues.[102] A hetero-

hexameric protein system composed by three ubiquitin-like self-assembly domains was employed.   

As the second component the peptide Nap-GFFYGGWRESAI was used as the second component, 

taking advantage of the self-assembly properties and the high affinity towards TIP1. The storage 

modulus depended on the number of TIP1 molecules, with gel formed by the complex with six 

TIP1 molecules (6T) registering the highest value, due to a higher crosslinking density. By 

examining the size of the nanofibers by TEM, an increase of the nanofiber diameter (initially 35 

nm) after the addition of the TIP1 complex was observed. A significant increase of the fiber 

diameter (from 38.5 nm to 60.3 nm) with an increasing concentration of TIP1 complex (from 0.05 

wt % to 0.4 %) was also verified and directly correlated with the mechanical properties (20 Pa to 

100 Pa, respectively). This work also demonstrated that the mechanical stiffness of the gel can be 

tuned by changing protein concentration, peptide concentration and the number of TIP1 binding 

sites. The hexameric protein which allowed the multi-display of TIP1 was further engineered to 

include a recombinant pneumococcal cell-wall amidase LytA. When mixed with the self-assembly 

peptide binder, the authors were able to obtain a stable hydrogel. LytA binds a dye-peptide 

conjugate (Rhoda-GGK), which was used as a model to test the potential of the hydrogel for drug 
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release. A controlled and sustainable release of the Rhoda-peptide was observed. Additionally, the 

concentration of 4T2C (fusion protein composed by four TIP1 units and two LytA) influenced the 

release profile of Rhoda-peptide, with higher protein concentrations leading to slower release rates. 

A higher concentration of 4T2C will translate into more possible binding sites for Rhoda-GGK, 

decreasing the amount of dye that diffuses out of gel in the same time length. However, the release 

behaviour is much faster than the release behaviour of the previous system described (hours versus 

days). This may be mainly explained by the lower affinity between LytA/Rhoda-peptide in 

comparison to the affinity between heparin/heparin-binding peptides. Still, if a specific application 

requires a rapid release of a therapeutic drug, this system is still suitable. Although this hydrogel 

was not studied for tissue engineering applications, the authors describe a quick recovery after 

removal of an external stress (600 seconds). Though not as fast as other systems described herein, 

the hydrogels still exhibit shear-thinning properties and could be used as an injectable to support 

cell growth. However the immunogenicity of LytA would have to be previously studied.  

 

4.6. Docking and Dimerization Domain and Anchoring Domain 

The self-assembling Dock-and-Lock system relies on protein-protein interactions which were 

explored for hydrogel formation. In these materials, the first component is a docking and 

dimerization domain derived from cAMP-dependent protein kinase A. The second component is the 

anchoring domain of A-kinase anchoring proteins [103]. The docking and dimerization components 

form a type-X four helix dimer with nanomolar affinity towards the α-helical amphipathic 

anchoring domain [104], which non-covalently “locks” the dimer from disrupting  (Figure 10A). 

This interaction is mainly due to the aliphatic residues of the docking and dimerization domain and 

the predominantly hydrophobic interface of the anchoring protein [104]. Lu et al [103] have used 

this pair for the formation of engineered protein-based hydrogels (Figure 10B). The authors 

engineered the docking and dimerization domain to be linked by a random-coil spacer with “RGD” 
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sites and the anchoring domain was conjugated to four-arm and eight-arm PEG molecules. Due to 

the low solubility of the anchoring domain, the authors engineered the sequence to include a peptide 

that would contribute for the solubility by increasing the net charge. The authors observed an 

increase of the mechanical stiffness with an increase of the concentration of the components, with a 

100-fold improvement of the storage modulus when the concentration changed from 5 wt % to 10 

wt %. Increasing the PEG-arm valency from four to eight led to an increase of hydrogel storage 

modulus (100 Pa to 300 Pa). The hydrogel was used as a vehicle to encapsulate mesenchymal stem 

cells, which exhibited high cell viability after injection through a 21-gauge needle and after 3 days 

of culture. These hydrogels were able to sustain very large strains before yielding, with values 1-2 

orders of magnitude higher than other shear-thinning hydrogels. After removing the deformation 

stress, the fractured hydrogel very rapidly recovered back into gel form very fast, within 6 seconds. 

This is an important property if the gel is to be used in regenerative medicine applications and to 

ensure cell encapsulation at the site where it will be injected. The authors also showed to be 

promising for drug delivery applications due to its erosion profile. The physical cross-linked 

hydrogel showed an initial high erosion, followed by slower and linear erosion rate (Figure 10C) 

[103]. The erosion rate was slower when compared with other affinity-triggered hydrogels. It was 

also possible to tune the erosion rate. Increasing the multivalency of the PEG molecule decreased 

the erosion rate - the gel composed by the 4-arm PEG eroded 90 % after 5 days compared to 15 

days for the hydrogels composed by the 8-arm PEG. 

Later, this system was combined with the photo-chemical cross linker methacrylate to produce 

hydrogels with higher rigidity (10-fold) [105]. This modification allows the components to be 

chemically crosslinked via light initiated radical polymerization, and it can be controlled by 

adjusting light exposure time, intensity and initiator concentration. Here, the anchoring domain and 

the methacrylate crosslinking were conjugated to a linear hyaluronic acid polymer instead of a PEG 

multi-arm molecule. The methacrylate did not interfere with the shear-thinning and self-healing 
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properties of the hydrogel and contributed for the viability of encapsulated mesenchymal stem cells, 

with an increase compared to the physically-cross-linked system (98 % versus 73 %). This can 

result from increased hydrogel stability or preference of mesenchymal stem cells for stiffer 

scaffolds. Regarding drug delivery applications, only 10% erosion was observed after the two first 

weeks and negligible erosion rates for over two months (Figure 10D). If the hydrogel was incubated 

with a solution of hyaluronidase, the hydrogel eroded. The erosion rate of this type of hydrogel can 

be tuned for the therapeutic application in vision. If a burst of the therapeutic drug is intended, a 

hydrogel with a faster erosion rate can be employed. If a long and slow release of a therapeutic drug 

is intended, a chemically crosslinked hydrogel with a slower erosion rate can be used. If a sudden 

release is necessary hyaluronidase can be injected and induce complete hydrogel erosion and drug 

release. The interaction between these two domains has extensively been studied and there is 

available a library of complementary domains [106] that can be engineered into affinity-triggered 

hydrogels with different properties. 

 

4.7. Calmodulin and calmodulin binding domains 

Calmodulin is an important regulator of many Ca2+ sensitive pathways, and calmodulin-binding 

domains present affinities spanning 5-orders of magnitude and varying Ca2+-dependencies. Topp et 

al [107] explored the affinity between calmodulin and two calmodulin-binding domains: endothelial 

NO synthase (eNOS) with Ka = 3.3x108 M-1, and petunia glutamate decarboxylase (PGD) with Ka 

=  5.0x107 M-1. The eNOS domain binds in an antiparallel orientation to calmodulin by extensive 

hydrophobic interaction [108], whereas PGD forms a self-dimer and shares both hydrophobic and 

electrostatic interactions with calmodulin [109]. By taking advantage of the natural affinity between 

these molecules, the authors created a genetic toolbox for the formation of physically-crosslinked 

hydrogels (Figure 11). Branching was provided by a bivalent hydrophilic linker (the peptide 

(AG)3(PEG)n, n = 8, 40). A leucine zipper self-assembly domain, which forms a tetrameric bundle, 
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was included for increased crosslinking. The hydrogel formation is dependent on the presence of 

Ca2+, which binds to calmodulin rendering it active. Upon mixing the two components the solution 

remained non-viscous; after Ca2+ addition the viscosity increased 5000-fold leading to the formation 

of a hydrogel. Addition of EDTA disrupted the network by Ca2+ chelation. The influence of other 

metals was also studied - when Ca2+ was substituted by Mg2+ a 3-fold increase of viscosity was 

observed, reflecting the selectivity of calmodulin to specific ions. Although this system was not 

described for a specific application, it is possible to find it suitable for drug delivery applications. If 

a drug was encapsulated within the hydrogel network it could be delivered to the target place. 

Without data about diffusion, pore size or hydrogel erosion, it is not possible to conclude about the 

release behaviour of an encapsulated drug. However, if a burst release was necessary, a local 

injection of Ca2+ would cause the hydrogel to disrupt its network and deliver the encapsulated 

therapeutic drug. Nonetheless, further research with the system should be performed before taking 

further conclusions or making comparisons with other described affinity-triggered systems. The 

system described also offers some advantages, such as the possibility of controlling pore size, by 

genetically controlling the length of the hydrophilic linkers. 

 

4.8. WW domains and proline-rich peptides 

The WW domain is a 31-40 amino acid sequence with two conserved tryptophan (W) residues 

spaced by 20-22 amino acids [110], which can be found in more than 200 multidomain proteins and 

is responsible for mediating various protein interactions. WW domains are located in the 

recognition region of these proteins and bind to proline-rich peptides, triggering changes in the 

cellular environment and signalling pathways [111]. Heilshorn’s group has explored the natural 

interaction between WW domains and proline-rich peptides to form so called mixing-induced two 

component hydrogels (MITCH). The MITCHs were first described by Foo et al [9] and are 

composed by a tandem WW domain linked by a hydrophilic spacer containing ‘RGD’ modules, and 
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a tandem proline-rich domain linked by a hydrophilic spacer ((AGAGAGPEG)2) (Figure 12A). Due 

to their natural molecular recognition, the components assemble into a hydrogel when mixed at 

physiological conditions, without the need of any external stimulus. Several of these MITCHs have 

been reported. Foo et al [9] studied two WW domain tandem modules with different affinity 

towards the proline-rich peptide – the natural WW peptide Nedd4.3 (Ka = 1.6x104 M-1); a 

computer-derived WW peptide CC43 (Ka = 2.2x105 M-1) - resulting in hydrogels with different 

stiffness. The WW domain with the weakest affinity constant towards the proline-rich peptide 

resulted in a softer matrix (G’= 9 Pa) compared to the WW domain with the highest affinity (G’= 

50 Pa). The importance of avidity was demonstrated by changing the number of crosslinks, herein 

given by the number of repeats within the tandem protein – a hydrogel was only formed when 7 

repeats of WW and 9 repeats of proline-rich peptide were mixed; the solution remained non-viscous 

when 3 repeats were mixed. The hydrogel was used as a 2D and 3D support for cell proliferation 

and differentiation. Films were shown to be cell compatible and allowed self-renew and 

differentiation of neuronal-like PC-12 cell line and dissociated murine adult neural stem cells 

(NSCs), as cells adopted typical neural morphologies after differentiation. Three cell culture types 

were successfully encapsulated within 3D matrices: PC-12 cells, human umbilical vein endothelial 

cells (HUVECs), and murine adult NSCs; all remained viable after 5 days of 3D culture. The 

hydrogel was also capable of supporting differentiation of adult NSCs, with neuronal MAP2-

positive and glial GFAP-positive cells encapsulated within the hydrogel. Multiple elongated 

neurites extending in all three directions were observable (Figure 12B). The self-healing properties 

of the hydrogels was also assessed, with self-healing occurring in 5 minutes and 30 minutes for the 

hydrogel composed by the strongest (Ka = 2.2x105 M-1) and weakest affinity pair (Ka = 1.6x104 M-

1), respectively. Only the strongest affinity pair renders a promising hydrogel for cell encapsulation 

and delivery, as 30 minutes to regenerate is too long and most cells would be lost before hydrogel 

self-assembly. Furthermore, at room temperature, the weakest binding pair (Ned4.3 and proline-rich 
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peptide) formed a hydrogel with a storage modulus of 9 Pa, similar to 50 % Matrigel; and the 

strongest binding pair (CC43 and proline-rich peptide) formed a hydrogel with a storage modulus of 

50 Pa, similar to 100 % Matrigel [9]. The former data demonstrates that the viscoelastic properties 

of the MITCH materials are within the appropriate range to be used as ECM-mimics and contribute 

for a better understanding of cell behaviour. The same system was used to access the viability of 

encapsulated adipose-derived stem cells, with over 90% viability after 10 days,[25] as well as the in 

vivo injection into nude mice, with viable cells at the injection site after 10 days. Another example 

included the encapsulation of the VEGF-mimetic peptide QK-fused to one or two-proline-rich 

peptide repeats [112]. By using fluorescence recovery after photobleaching (FRAP), the diffusion of 

fluorescently labelled QK and QK-fused to proline-rich peptides was studied. The diffusion of the 

peptide was higher for free QK, followed by QK-fused to one repeat and QK-fused to two repeats. 

The conjugation of QK to the proline-rich peptides slowed the mobility of QK through the hydrogel 

and a higher avidity resulted in slower molecule mobility. Showing capacity to bind to VEGF 

receptors, its capacity to activate endothelial cell migration and network formation was assessed. 

Performing an in vitro scratch wound healing assay, human umbilical vein endothelial cells treated 

with QK showed slower wound closure (56.3 % at 12 hours) compared to cells treated with QK-

fused to one and two repeats of the proline-rich peptide (66 % and 62 %, respectively). 

Furthermore, human umbilical vein endothelial cells spheroids were encapsulated in a matrix of 

collagen type I and fibronectin and MITCH containing the QK-conjugates were injected in the 

centre, stimulating significantly higher outgrowth, suggesting prolonged drug retention and slow 

release of QK. 

The same affinity pair has also been multi-displayed using PEG, where the WW domain was 

presented in tandem and the proline-rich peptide was combined to an eight-arm PEG molecule 

(Figure 12C) [113]. When the proline-rich peptide was conjugated to a four-arm PEG and mixed 

with the tandem counter partner (7 repeats), no hydrogel formation was observed. The effect of 
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avidity was tested, by varying the number of repeats of the proline-rich peptide attached to the PEG 

molecule (one or two), and the effect of polymer weight, by varying the molecular mass of the 

eight-arm polymer (20 kDa or 40 kDa). Decreasing the PEG molecular weight or increasing the 

avidity resulted in stiffer hydrogels, with the hydrogel formed by two proline-rich peptides 

conjugated to 20 kDa eight-arm PEG and the tandem WW exhibiting the highest storage moduli. 

Hydrogels displayed self-thinning and self-healing properties besides the low mechanical stiffness. 

The ability to release VEGF and its influence of cell viability was also assessed when the proline-

rich peptide was conjugated to an eight-arm PEG molecule [113]. The molecule showed lower 

mobility within stiffer hydrogels – the slowest diffusion rate was recorded for hydrogels composed 

by eight-arm PEG with a weight of 20 kDa and functionalized with two repeats of proline-rich 

peptide. Stiffer hydrogels also took longer to erode, making it a better candidate for drug release 

applications which require a slower release rate. Encapsulation of pluripotent stem cell-derived 

endothelial cells within the stiff hydrogel (hydrogels composed by eight-arm PEG with a weight of 

20 kDa and functionalized with two repeats of proline-rich peptide) and delivered through a 28-

gauge needle showed no loss of cell viability. The co-delivery of pluripotent stem cell-derived 

endothelial cells and VEGF encapsulated in the hydrogel formulations improved tissue regeneration 

and reduced necrosis compared to the controls (Figure 12D). Although the low mechanical stiffness 

of the previous hydrogels is an advantage for the development of shear-thinning injectable 

hydrogels, its rapid degradation can be a disadvantage for long-term cell survival. 

To address this issue Cai et al [24] combined the WW domain/proline-rich peptide affinity pair with 

the hydrophilic polymer PEG and the thermo-responsive polymer poly(N-isopropylacrylamide) 

(PNIPAM). The authors were able to reinforce the hydrogels network by using two different 

physical crosslinking mechanisms, resulting in a hydrogel with storage shear modulus 10-times 

higher than the single network hydrogels described before (G’= 100 Pa). By varying the ratios of 

the different components, the authors were able to tailor the stiffness of the resulting hydrogels. 



  
 

31 
 

 

These hydrogels displayed rapid and reversible self-healing (< 2 seconds), which is quicker than the 

previous reported examples, making it a very promising candidate for injectable applications. 

Human adipose-derived stem cells were successfully encapsulated within the hydrogel and injected 

through a 28-gauge syringe, with a viability of 93 % versus a viability of only 69 % when injected 

within phosphate-buffer solution. Cell transplantation efficiency was also tested in vivo, by injecting 

the encapsulated cell into nude mice (Figure 12E). After 3 days, 70 % was possible in comparison 

to 30 % for the single physical-crosslinked hydrogel, with an increased number of metabolic active 

cells after 14 days. This increase can be due to lower cell apoptosis decreased cell migration from 

the injection site and/or enhanced cell proliferation. The increased retention of cells at the injection 

site is a major advantage of these hydrogels for regenerative medicine applications. The authors 

also studied the diffusivity of a 40 kDa dextran using FRAP. By increasing the PNIPAM secondary 

network from 0 to 0.7 to 1 wt %, the authors observed a significant decrease in the diffusion rate. 

As diffusion is correlated with mesh size, the higher concentration of PNIPAM may have resulted 

in smaller pores, decreasing the diffusion rate of dextran. Furthermore the erosion behaviour was 

also studied, with a lower erosion rate being observed for hydrogels with a higher PNIPAM content 

(Figure 12F).  

Mulyasasmita and colleagues [114] have studied the hydrogels composed by WW-domain and 

proline-rich peptide, using a combination of protein science methodologies and a simple polymer 

physics model to predict the effect of polypeptide binding interactions on network crosslinking 

density, sol-gel phase behaviour and gel mechanics. Methodologies included particle tracking 

microrheology, bulk rheology, dynamic light scattering, circular dichroism and isothermal titration 

calorimetry.  

Recently our group has studied the interaction between a shorter version of a WW and the peptide 

PPxY [115]. The shorter WW version was obtained by chemical synthesis, a more rapid and less 

complex way of manufacturing small peptides. Both peptides were conjugated to multimeric PEG 
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molecules, and their interaction was confirmed both by computational and experimental studies. 

When mixed together, an affinity-triggered hydrogel was formed. Although using a smaller version 

of WW, the measured affinity and storage modulus were within the same order of magnitude as in 

previous works using the entire domain.  

 

4.9. Tetratricopeptide repeat domains and peptide ligands 

The 34 amino acid tetratricopeptide repeat (TPR) (Figure 13A) naturally occurs in tandem repeat 

arrays and is involved in the assembly of multi-protein complexes, like heat shock protein-based 

multi-chaperone machinery [116]. The TPR units can be manipulated and engineered to bind 

different peptide ligands. Grove et al [94] explored this tandem display where one of the 

components was a repeat module of the helix-turn-helix tetratricopeptide binding motif and spacer, 

and the second was a peptide ligand (CGYGGDESVD) conjugated to a four-arm PEG molecule 

(Figure 13A). The kinetic of gel formation depended on the concentration of the components (from 

a minimum of 1 wt %), the ratio of TPR units to peptide ligand (a minimum ratio of 1:2), and 

solution conditions (e.g salt concentration). The hydrogel reported showed a storage modulus of 

270 Pa. The interaction between the TPR unit and the peptide ligand was mainly electrostatic and 

its strength decreases as the ionic strength increases – the affinity constant is 2x105 M-1 in the 

presence of 10 mM NaCl and 3x104 M-1 in 500 mM NaCl. This can be useful to induce gel erosion 

in high salt environments. This hydrogel was studied for drug delivery applications. As the 

interaction is mainly electrostatic, it can be tailored by changing the ionic strength [94]. Increasing 

the ionic strength from 10 mM to 500 mM led to hydrogel erosion, making it suitable for drug 

delivery applications – although it can be discussed if 500 mM salt would not be too high to allow 

cell survival. By tuning the ionic strength of the medium, it was possible to observe different release 

profile of the molecule rhodamine (Figure 13B) and of a model fluorescent protein. Rhodamine, as 
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a smaller molecule (479 g/mol), was released 10-times faster than the fluorescent protein (26,000 

g/mol).  

The system was further improved by combining different peptide-binding modules, spacer modules, 

peptides and display approaches. The different combinations resulted in different crosslinking 

geometry and network stability, resulting in hydrogels with different properties [117]. The release 

behaviour of 1,6-dimethyl-3- propylpyrimido[5,4-e][1,2,4]triazine-5,7-dione (commonly known as 

C9, an anticancer compound) was also assessed (Figure 13C), which was slowly and continuously 

released from the hydrogels over a period of 24 hours. The authors also studied the release of the 

anticancer compound encapsulated within the hydrogel into a culture of HER2-positive BT-474 

breast cancer cells. The hydrogel itself was cyto-compatible, not interfering with cell adhesion. 

Meanwhile, the anticancer compound released from the hydrogels caused cell death and only cell 

debris were visible, supporting the release of active compound to the culture. Although these 

hydrogels were not described for tissue engineering application, they display a suitable storage 

modulus (270 Pa) to allow mammalian cell encapsulation. Due to the physical nature of their 

crosslinks the hydrogels most likely display shear-thinning properties, allowing for the local 

injection of cells and further hydrogel formation and enhanced cell retention at the damaged 

location. 

 

4.10. Bacterial gyrase subunit B and coumermycin 

Ehrbar and colleagues [118] explored the affinity of a bacterial gyrase subunit B towards the 

antibiotic coumermycin (Ka= 108 M-1). A histidine-tagged bacterial gyrase was grafted on a 

polyacrylamide network via the chelator nitrilotriacetic acid (NTA) charged with Ni2+. 

Coumermycin was dimerized by the bifunctional crosslinking agent dimethylsuberimidate. With a 

concentration of 6 %, when mixed together, a self-assembly hydrogel was formed (Figure 14), with 

a G’= 248 Pa. A low erosion (13 %) was observed after 12 hours. When the hydrogel was mixed 
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with monovalent novobicin, the hydrogel would disrupt due to competition towards the gyrase 

binding sites, with 100 % erosion observed after 11 hours. The degradation rate was dependent on 

novobiocin concentration, with a higher rate observed when the hydrogel was incubated with a 

higher concentration of the competing molecule. The affinity-triggered hydrogel was used for 

VEGF delivery. The release could be tuned in a novobiocin concentration-dependent manner. It 

also allowed the survival of human embryonic kidney cells, with no visible cytotoxic effect. 

Encapsulated human umbilical vein endothelial cells were viable after 96 hours. Furthermore, the 

controlled release of VEGF contributed for cell proliferation compared to controls without 

encapsulated VEGF. 

 

5. Challenges and future prospects 

Affinity-triggered hydrogels are promising biomaterials at the interface of materials science and 

protein engineering. They rely on reversible, specific non-covalent and tunable interactions between 

components bearing ligand-receptor pairs displayed in a multivalent manner. The driving force for 

hydrogel assembly is the net of weak non-covalent interactions, which contributes for the gelation 

process to occur under mild conditions that promote molecular recognition. 

A wide range of ligand-receptor pairs is described in Biology representing a toolbox yet to be 

explored to tailor hydrogels´ properties. Examples of affinity-triggered hydrogels reported so far 

explore mostly natural affinity partners, but there are several tools in hand to manipulate the affinity 

and selectivity of the interaction between ligands and receptors, including computational design [9] 

or protein engineering tools, using for instance display technologies [119]. Proteins and peptides 

can also incorporate non-canonical amino acids (by synthetic or biological means) in order to 

uncover new functions. A second level of tunability in affinity-triggered hydrogels relates to the 

multivalent display of the ligand-receptor components. Such multivalency can be achieved simply 

by using natural multimeric proteins, or by applying biological and chemical tools to display 
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proteins in tandem or to covalently couple proteins to branched polymers, respectively. In this 

context, the environment created by the multivalent display will interfere with the interaction 

between ligand and receptor, as the two entities will feel stereochemical hindrance, solvation effects 

and the presence of the moieties used to create the multivalency. Furthermore, depending on the 

final application of the hydrogels, the media in which they are formed also plays a role in the 

affinity and selectivity between the hydrogel components. A third level of tunability in affinity-

triggered hydrogels is given by the potential to introduce other chemical functionalities, molecular 

entities (e.g. bioactive peptides), or micro- and nanostructures, which will influence the function of 

the materials. Taken together, all these aspects contribute to the mechanical, morphological and 

functional properties of the hydrogels [48]. The de novo design and control of affinity-triggered 

hydrogels is a complex and challenging task, derived from the multitude of modular units available 

to create the materials. A recent study [120] provides an interesting insight about the design by 

principle of affinity-triggered hydrogels with desired mechanical properties. A correlation is made 

between the mechanical properties of the hydrogels and the nanomechanics of the hydrogel 

components, which may prove in the future useful to design new affinity-triggered hydrogels. 

Affinity-triggered materials typically lack mechanical stiffness. A way to increase the mechanical 

properties relies on the introduction of additional synthetic polymers and crosslinking methods to 

the multicomponent affinity-triggered system. Inspired in the responsive hydrogels, affinity-

triggered hydrogels can be developed to be sensitive to several stimuli. WW/proline-rich peptides 

hydrogels were combined with the thermo-responsive polymer PNIPAM contributing to an 

increased mechanical stiffness and a temperature-dependent behavior [24]. The hydrogel can have a 

modular nature and natural and engineered materials can be combined in order to obtain the desired 

response, with the possibility of developing multi-responsive hydrogels. For example, Huang and 

colleagues developed a hydrogel that has a dual response to pH and temperature with enhanced 

mechanical properties [121]. The topic of responsive hydrogels has been extensively reviewed 
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[122,123] and can serve as an inspiration to develop responsive affinity-triggered hydrogels. Light 

is a particularly interesting stimulus to assemble hydrogels as it allows the precise control over 

temporal and spatial signals, and the topic has been extensively reviewed elsewhere [124–127]. 

Response to pH could benefit drug release applications – e.g. the low pH of the digestive tract 

would influence material degradation and allow the release of the encapsulated drug [128]. Next-

generation affinity-triggered hydrogels may even be prepared to react to cell-secreted biological 

inputs in a way that mimics the dynamic environment of the ECM, actively contributing to tissue 

development and regeneration [129]. As a starting point, affinity-triggered heparin/VEGF hydrogels 

have shown the ability to respond to the presence of VEGF receptors with consequent hydrogel 

degradation [73]. 

Manipulating more efficiently degradation and the temporal properties of the hydrogel network is 

another important issue to consider in the future development of affinity-triggered hydrogels [130]. 

The spatiotemporal control over the material’s properties can be performed over a range of cell- and 

tissue-relevant length scales, with no toxic by-products. This can be particularly interesting for cell 

encapsulation, where a uniform distribution of cells is desired [129]. This is a feature that has not 

yet been explored for affinity-triggered hydrogels and could benefit both tissue engineering and 

drug release applications. 

Over the last 20 years, a great progress has been made in the exploitation of known affinity pairs 

ligand-receptor to assemble hydrogels for biomedical applications. Such a large body of knowledge 

serve as the basis to understand the systems from the molecular to the macroscopic levels, and as a 

consequence to design materials with controlled properties. The possibility to apply design rules in 

such affinity-triggered hydrogels will likely expand the solutions offered to other fields of 

knowledge than biomedicine, namely interfacing electronics and devices. 
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Figure 1. Classification of hydrogels according to the crosslinking mechanism used during 
production. Chemical cross-linked hydrogels assemble due to the establishment of covalent bonds 
between compatible reactive ends in polymeric chains A and B (A and B can be the same or 
different). Covalent bonds are formed due to a chemical reaction triggered by chemical crosslinkers, 
light or catalysts. Physical cross-linked hydrogels assemble due to the establishment of specific 
non-covalent interactions (affinity interactions) or due to the establishment of non-specific non-
covalent interactions, namely electrostatic interactions and p-p interactions. 
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Figure 2. Examples of ligand-receptor affinity pairs used to generate affinity-triggered hydrogels.  
 
 
 
 
 

 

Figure 3. Schematic representation of the typical ways to generate multivalent display of affinity 
pair components, as (A) multimeric proteins, (B) in tandem separated by a spacer (in blue), or 
attached to a (C) star branched or (D) linear branched polymer. 

A B 

C D 



  
 

47 
 

 

 
 
 
 
 

 

Figure 4- In the body, solid tissues display different stiffness, as measured by the elastic modulus 
in kPa.  
 
 
 
 

 
 
Figure 5 – (A) Schematic representation of an affinity-triggered hydrogel self-assembly based on 
the affinity pair glucose and concanavalin [77–79]. (B) Using the affinity-triggered hydrogel as a 
self-regulating insulin delivery system. 
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Figure 6 - (A) Schematic representation of an affinity-triggered hydrogel self-assembly based on 
the affinity pair antibody/antigen, where the antigen is an anti-antibody molecule (semi-
interpenetrating polymer network) [81]. (B) Schematic representation of an affinity-triggered 
hydrogel self-assembly based on the affinity pair antibody/antigen (antibody-antigen entrapment 
hydrogels) [82]. (C) Schematic representation of an affinity-triggered hydrogel self-assembly based 
on the affinity pair antibody/fluorescein [83]. 
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Figure 7 - (A) Schematic representation of an affinity-triggered hydrogel based on the affinity pair 
biotin and avidin [84]. (B) Schematic representation of an affinity-triggered hydrogel self-assembly 
based on the affinity pair biotin (immobilized on hyaluronic acid) and avidin [90]. (C) Schematic 
representation of an affinity-triggered hydrogel based on the affinity pair biotin (conjugated to 4-
arm PEG) and avidin [131]. (D) Schematic representation of an affinity-triggered hydrogel based on 
the affinity pair biotin (conjugated to 8-arm PEG) and avidin [131]. (E) Erosion profile or 
avidin/PEG-biotin hydrogels [131]. (F) Immunocytochemistry of replated aggregates after 
encapsulation for neural differentiation markers: Nestin (green) co-marked with PAX6 (red).  DAPI 
was used to counterstain nuclei [131]. 
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Figure 8 – (A) Schematic representation of an affinity-triggered hydrogel self-assembly based on 
the affinity pair vascular endothelial growth factor (VEGF) and low molecular weight heparin [73]. 
(B) Schematic representation of an affinity-triggered hydrogel self-assembly based on the affinity 
pair and low molecular weight heparin (LMWH)  and heparin binding peptides - HIP peptide 
(CRPKAKAKAKAKDQTK) [51] and PF4ZIP 
(CGGRMKQLEDKVKKLLKKNYHLENEVARLKKLVG) [74]. (C) Schematic representation of 
an affinity-triggered hydrogel self-assembly based on the affinity pair heparin and heparin-binding 
peptides for the capture of exogenous heparin binding peptides [95]. (D) Schematic of a hydrogel 
incorporating covalent and physical crosslinks (dG, dansyl- GKAFAKLAARLYRKAGC; covalent 
crosslinker, GCRGDSGPQGIAGQGC) [96]. 
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Figure 9 – (A) Schematic representation of an affinity-triggered hydrogel self-assembly based on 
the affinity pair TIP1 (fused to CutA) and a TIP1-binding peptide [11]. (B) Schematic 
representation of an affinity-triggered hydrogel self-assembly based on the affinity pair TIP1 (fused 
to CutA) and a TIP1-binding peptide (fused to CutA and a docking station peptide) [99]. (C) 
Schematic representation of an affinity-triggered hydrogel self-assembly based on the affinity pair 
TIP1 (fused to ubiquitin-like domain) and a TIP1-binding peptide [100].  
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Figure 10- (A) Schematic representation of the Docking and Dimerization Domain and Anchoring 
Domain and (B) their interaction to form an affinity-triggered hydrogel self-assembly, based on 
physical crosslinks [103].  (C) Fraction eroded over time for hydrogels composed by ratios of the 
Docking and Dimerization Domain and Anchoring Domain. [103] Reprinted from Injectable shear-
thinning hydrogels engineered with a self-assembling Dock-and-Lock mechanism, 33, H. D. Lu, M. 
B. Charati, I. L. Kim, J. A. Burdick, 2145, Copyright (2012), with permission from Elsevier. (D) 
Fraction eroded over time for physical (blue) and physical and chemical (orange) hydrogels. The 
addition of hyaluronidase resulted in instant hydrogel erosion [103]. Reprinted from Injectable 
shear-thinning hydrogels engineered with a self-assembling Dock-and-Lock mechanism, 33, H. D. 
Lu, M. B. Charati, I. L. Kim, J. A. Burdick, 2145, Copyright (2012), with permission from Elsevier. 
 
 

 

Figure 11 – Schematic representation of an affinity-triggered hydrogel self-assembly based on the 
affinity pair CaM and calmodulin-binding domains (eNOS and PGD) [107]. 
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Figure 12 - (A) Schematic representation of affinity-triggered hydrogels based on the affinity pair 
WWin blue domain (CC43 in orange or Nedd4.3 in yellow, separated by a spacer in blue) and a 
proline rich peptide using tandem protein display (PPxY in purple, separated by a spacer in blue). 
The number of repeats varied from 7-9 [9]. (B) Encapsulated adult neural stem cell differentiation at 
6 days of culture (red, glial marker GFAP; green, neuronal marker MAP2; yellow, progenitor 
marker nestin; blue, nuclei, DAPI). Scale bar, 25 µm [9]. Copyright (2013), with permission from 
Wiley. (C) Schematic representation of affinity-triggered hydrogels based on the affinity pair WW 
domain and a proline rich peptide. The WW domain is displayed in tandem (9 repeats, in orange 
separated by a spacer in blue) and the proline-rich peptide  (in purple) is conjugated to a 8-arm PEG 
molecule [113]. (D) Photomicrographs of cryo-sectioned samples of skeletal muscles 14 days after 
femoral artery ligation-induced ischemia (hematoxylin and eosin (H&E) staining).  Inflammation of 
connective tissues is marked with asterisk. Reprinted from Avidity-controlled hydrogels for 
injectable co-delivery of induced pluripotent stem cell-derived endothelial cells and growth factors, 
191, W. Mulyasasmita, L. Cai, R. E. Dewi, A. Jha, S. D. Ullmann, R. H. Luong, N. F. Huang, S. C. 
Heilshorn, 71, Copyright (2014), with permission from Elsevier. (E) Cell retention after in vivo 
subcutaneous injection of encapsulated human adipose-derived stem cells in double physical 
network hydrogels at 0, 3, 7, and 14 days post-injection [24]. Copyright (2015), with permission 
from Wiley. (F) Erosion kinetics of double physical crosslinked hydrogels over time [24]. 
Copyright (2015), with permission from Wiley. 
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Figure 13 - (A) Schematic representation of an affinity-triggered hydrogel self-assembly based on 
the affinity between tetratricopeptide repeat (TPR) domains (in light green separated by a spacer in 
red) and peptide ligands (dark green) [94].  (B) Rhodamine release profile over time from the 
TRP/peptide ligands affinity-triggered hydrogels at two different ionic strengths. Reprinted with 
permission from [94]. Copyright 2010 American Chemical Society. (C) Anticancer compound 
release profile from TRP/peptide ligand affinity-triggered hydrogels [117]. Copyright (2012), with 
permission from Wiley. 
 
 

 

Figure 14 - Schematic representation of an affinity-triggered hydrogel self-assembly based on the 
affinity between bacterial gyrase subunit B and coumermycin [118].  
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Table 1. Comparison between physically and chemically cross-linked hydrogels. 

Physical  Chemical  
Network maintained by physical interactions 
Independent of crosslinkers or organic solvents 
Lower mechanical resistance 
Rapid erosion  
No significant volume change upon gel transition 
Dynamic crosslinks does not lead to spatial inhomogeneity of the 
mechanical properties 
Susceptible to shear-stress  
Degradation usually leads to non-toxic by-products 
 

Network maintained by covalent bonds 
May require chemical crosslinkers or catalysts, often toxic 
Higher mechanical resistance 
Slower erosion 
Significant volume change upon gel transition 
Erosion leads to spatial inhomogeneity of the mechanical 
properties 
Require hydrolytic or enzyme degradation for cell applications 
Degradation may lead to toxic and non-compatible by-products 

 
Table 2. Ligand-receptor pairs employed to generate 2-component affinity-triggered hydrogels. The 
molecular weight of each component and peptides sequence (one letter code) is summarized, as 
well as the reported affinity constants for the ligand-receptor complex. (na –not available) 
 Component 1 Component 2 Affinity Constant 

kA (M-1) 

Pe
pt

id
e-

pe
pt

id
e WW domain Nedd4 (3.9 kDa) Proline-rich peptide (1.5 kDa) 

EYPPYPPPPYPSG 
1.6x104 

WW domain CC43 (4.3 kDa) Proline-rich peptide (1.5 kDa) 
EYPPYPPPPYPSG 

2.2x105 

 Truncated WW (1.6 kDa) Proline-rich peptide (1.5 kDa) 
EYPPYPPPPYPSG 

1.6x105 

Pr
ot

ei
n-

pe
pt

id
e 

Tax-Interacting protein 1 (14.4 kDa) 
 

β-catenin analogue peptide ligand (1.2 kDa) 
CQLAWFDTDL 

2.3x106 

Computational peptide (1.4 kDa) 
CGGGRGDGWRESAI 

1.5x108 

Docking domain (17 kDa) Anchoring domain (3.1 kDa) 
ESESLIEEAASRIVDAVIEQVKSESECGGG 

1.0x109 

Calmodulin (17 kDa) 
 

Endothelial NO synthase (2.9 kDa) 
AGRKKTFKEVANAVKISASLMGAERLI 

3.3x108 

Petunia glutamate decarboxylase (3.3 kDa) 
AGHKKTDSEVQLEMITAWKKFVEEKKKK 

5.0x107 

Tetratricopeptide repeat (14.4 kDa) Peptide ligand (1 kDa) 
CGYGGDESVD 

2.0x105 

Pr
ot

ei
n-

sm
al

l 
lig

an
d Concavalin A (112 kDa) Glucose (180.2 g/mol) 2.0x104 

Anti-fluorescein IgG (150 kDa) Fluorescein (332.3 g/mol) na 
Avidin (16.4 kDa)  Biotin (244.3 g/mol) 1.0x1014 
Gyrase (24 kDa) Coumermycin (1.1 kDa) 1.0x108 

Pr
ot

ei
n-

pr
ot

ei
n  Rabbit IgG (150 kDa) Anti-rabbit IgG (150 kDa) 

 
2.6x108 

C
ar

bo
hy

dr
at

e -
pr

ot
ei

n/
pe

pt
id

e  Heparin (3 kDa) 
 

Vascular endothelial growth factor (40 kDa) 6.0x106 

Heparin interacting peptide (1.8 kDa) 
CRPKAKAKAKAKDQTK 

2.5x105 

PF4ZIP peptide (3.9 kDa) 
CGGRMKQLEDKVKKLLKKNYHLENEVARLKKLVG 

1.0x105 

PBD1 peptide (1.8 kDa) 
KAFAKLAARLYRKAGC 

3.3x107 

W peptide (2.0 kDa) 
WKAFAKLAARLYRKAGC 

na 

dG peptide (1.8 kDa) 
Dansyl-GKAFAKLAARLYRKAGC 

na 
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Table 3. Affinity-triggered hydrogels for tissue engineering and drug delivery applications. 
 
Hydrogel Property Tissue Engineering Drug Delivery 
High water content Cell compatibility 

Efficient fluid and gas transport 
Allow encapsulation of solvated molecules  

Transient physical crosslinks 
- Self-thinning 
- Self-healing 

Allow cell encapsulation 
Allow cell delivery to affected site 

Control release rate 
In situ delivery of payload as a controlled 
release depot 

Controllable pore size 
- Polymer concentration 
- Protein concentration 
- Density and distance between 

crosslinks 
- Molar ratio between components 
- Affinity between components 
- Avidity 

Efficient nutrients transport 
Allow cell migration and expansion 

Control release rate 

Tunable stiffness 
- Protein concentration 
- Molar ratio between components 
- Affinity between components 

Stem cell differentiation Control release rate by addition of inhibitors 
or by changing environmental conditions 

Easy editing of components by molecular 
biology 

Include adhesion and/or recognition 
motifs 
Include degradation motifs 

Include body degradation motifs (chemical or 
enzymatic) 
Include extra adhesion motifs 
Link between hydrogel component and drug 

Biodegradable Non-toxic by-products Non-toxic by-products 
Control drug release 
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Table 4. Affinity pairs (and respective multimerization strategy) for the development of affinity-triggered hydrogels, their properties and 
applications. 
 
Component 1 Component 2 

Affinity 
Constant 

(M-1) 

Storage 
Modulus 
(G', Pa) 

Conc. 
(wt %) 

Self-
healing 

time 
Erosion Tissue Engineering 

Application 
Molecule 

encapsulated  
Amount released Ref 

Concanavalin 

(tetrameric) 

Glucose 

(conjugated to 

acrylamide) 

2 x 104 N/A 10 N/A N/A N/A 
Lysozyme Dependent on external 

glucose concentration 
[78] 

Insulin 

Antibody 

(conjugated to 

acrylamide) 

Antigen 

(conjugated to 

acrylamide) 

2.6 x 108 N/A N/A N/A N/A N/A N/A N/A [81] 

Antibody 

(conjugated to 

multimeric 

PEG) 

Fluorescein 

(conjugated to 

multimeric PEG) 

N/A 60.5 3 N/A 
100 % after 3 

days 

Induced the immune response 

in mice with no significant 

signs of inflammation or 

rejection 

Capsomeres 

derived from the 

viral L1 protein 

N/A [83] 

Avidin 

(tetrameric) 

Biotin 

(conjugated to 

linear PEG 

oligomer) 

1015 

N/A 13 N/A N/A N/A N/A N/A [84] 

Biotin 

(conjugated to 

hyaluronic acid) 

N/A 10 N/A N/A N/A Doxorubicin 

60 % after 40 hours 

90 % 40 hours after 

incubation with free biotin 

[90] 

Biotin 

(conjugated to 

linear PEG 

oligomer) 

N/A 4 N/A 
100 % after 5 

days 

Human mesenchymal stromal 

cells encapsulation; higher cell 

survival after 24h (95.4 %) 

N/A N/A [10] 

Biotin 

(conjugated to 4-

arm PEG oligomer) 

1.3 2.5 N/A 
15 % after 3 

months 

Encapsulation and support of 

neural differentiation into a 

neural lineage of induced 

pluripotent stem cells 

N/A N/A 

[131] 
8.9 5 N/A 

10 % after 3 

months 
N/A N/A N/A 

Biotin 

(conjugated to 8-

arm PEG oligomer) 

0.9 2.5 N/A 
100 % after 5 

hours 
N/A N/A N/A 

Heparin 

(conjugated to 

PEG) 

VEGF 

(dimeric) 
6.0x106 10 8 N/A 

80 % after 4 

days 
N/A VEGF 50 % after 10 days [73] 

Heparin 

(conjugated to 

multimeric 

PEG) 

HIP 

(conjugated to 

multimeric PEG) 

2.5x105 200 10 N/A 
17 % after 4 

days 
N/A 

Basic fibroblast 

growth factor 
16 % after 4 days [51] 
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Heparin 

(conjugated to 

multimeric 

PEG) 

PF4ZIP 

(conjugated to 

multimeric PEG) 

1.0x105 180 2.5 N/A 
50 % after 8 

days 
N/A 

Basic fibroblast 

growth factor 
40 % after 8 days [74] 

Heparin 

(dimeric) 

PBD1 

(conjugated to 

multimeric PEG) 

3.3x107 

5000 Pa 

(4ºC) 
10 

107 

seconds 
N/A N/A 

Heparin-binding 

peptides 
100 % after 3 days [95] 

480 Pa 

(45ºC) 

Heparin 

(dimeric) 

 

Heparin-binding 

peptide W 

(conjugated to 

multimeric PEG) 

N/A 1060 

10 

27 

minutes 

N/A N/A N/A N/A [96] 
Heparin-binding 

peptide dG 

(conjugated to 

multimeric PEG) 

N/A 2760 
7.3 

minutes 

TIP1 

(fused to 

trimeric 

protein) 

TIP1-binding 

peptide 

CQLAWFDTDL 

(conjugated to 

multimeric  PEG) 

2.3x106 35 4 N/A N/A 

Chondrocytes encapsulation  

Higher cell viability after 8 day 

culture 

N/A N/A [11] 

TIP1-binding 

peptide 

CQLAWFDTDL 

(fused to trimeric 

protein) 

2.3x106 262 4 N/A 
30 % after 28 

days 
N/A 

20 kDa dextran 100 % after 6 days 

[99] 

Pyranine 100 % after 4 days 

Green fluorescent 

protein 
32 % after 7 days 

Laccase 9 % after 7 days 

TIP1 

(fused to 

tetrameric 

protein)  

TIP1-binding 

peptide 

CQLAWFDTDL 

(conjugated to 

multimeric PEG) 

1.5x108 80 1 N/A N/A 

Mesenchymal stem cell 

encapsulation 

Higher cell viability after 5 day 

culture 

N/A N/A [100] 

TIP1 

(fused to 

tetrameric 

protein) 

TIP1-binding 

peptide  

 WRESAI 

(fused to self-

assembly peptide) 

1.5x108 320 5 N/A N/A N/A N/A N/A [101] 

TIP1 

(fused to 

hexameric 

protein) 

TIP1-binding 

peptide  

 WRESAI 

(fused to self-

assembly peptide) 

1.5x108 

200 0.1 
600 

seconds 
N/A N/A 

Dye-peptide 

conjugate 

50 % after 12 hours 

[102] 

400 0.3 20 % after 12 hours 

DDD 

(conjugated to 

multimeric  

PEG) 

AD (conjugated to 

linear spacer) 
1.0x109 

300 3 N/A N/A N/A 500 Da dextran 100 % after 20 days [103] 

1000 3 
6 

seconds 

10 % after 2 

weeks 

Mesenchymal stem cell 

encapsulation 
N/A N/A [105] 
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Higher cell viability after 3 day 

culture 

CaM 

(conjugated to 

linear polymer) 

CaM-binding 

domains 

(conjugated to 

linear polymer) 

3.3x108 

(eNOS) 
N/A 2 N/A N/A N/A N/A N/A [107] 

5.0x107 

(PGD) 

WW domain 

Nedd4.3 

(tandem) 

Proline-rich peptide 

(tandem) 
1.6x104  9 10 

30 

minutes 
N/A N/A N/A N/A [9] 

WW domain 

CC43 

(tandem) 

Proline-rich peptide 

 (tandem) 
2.2x105  50 10 

5 

minutes 
N/A 

PC-12 cells encapsulation; 

higher cell viability after 5 day 

culture 

HUVECs encapsulation; 

higher cell viability after 5 day 

culture 

Murine adult neural stem cells 

encapsulation and 

differentiation; higher cell 

viability after 5 day culture 

N/A N/A [9] 

Proline-rich peptide 

 (tandem) 

2.2x105  50 10 
5 

minutes 
N/A 

Adipose-derived stem cells 

encapsulation; higher cell 

viability after 10 day culture 

Encapsulated adipose-derived 

stem cells injection into nude 

mice; higher cell retention 

after 14 days 

N/A N/A [25] 

 

2.2x105  50 10 
5 

minutes 
N/A 

Scratch wound healing assays 

with HUVECs; more rapid 

wound closure; network 

formation 

HUVEC spheroids 

encapsulation within a 

collagen type I and fibronectin 

matrix; higher outgrowth after 

2 day culture 

QK (VEGF-

mimetic peptide) 

60 % (QK-P1) and 50 % 

(QK-P2) after 21 days 
[112] 

Proline-rich peptide 

 (conjugated to 

multimeric  PEG) 

2.2x105  50 10 5 min 
50 % after 7 

days 

hIPCS-EC encapsulation; 

increased viability after 4 day 

culture 

Encapsulated hIPCS-EC 

injection into mice with 

induced hindlimb ischemia; 

reduced necrosis and 

improved tissue regeneration  

20 kDa dextran 80-90 % after 7 days 

[113] QK (VEGF-

mimetic peptide) 
80 % after 14 days 
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Proline-rich peptide 

 (conjugated to 

multimeric  PEG) 

2.2x105 100 10 
2 

seconds 

70-90 % after 

14 days 

Human adipose-derived stem 

cells encapsulation and 

transplant into nude mice; 

higher cell viability after 14 

day culture 

Encapsulated human adipose-

derived stem cells injection 

into murine model; increased 

cell retention after 3-week 

experiment 

40 kDa dextran 70-100 % after 21 days [24] 

Truncated WW 

(conjugated to 

multimeric 

PEG) 

Proline-rich peptide 

 (conjugated to 

multimeric  PEG) 

1.6x105 40 20% N/A N/A Biocompatible N/A N/A [115] 

TRP domains 

(tandem) 

  

Peptide ligands 

(conjugated to 

multimeric  PEG) 

2.0x105 (10 

mM NaCl) 
270 1 N/A 

0 % (0.01 M 

NaCl) and 

100 % (0.5 M 

NaCl) after 

20 days 

N/A Rhodamine 

30 % (0.01 M NaCl) and 

100 % (0.5 M salt) after 25 

hours 

[94] 3.0x104 

(500 mM 

NaCl) 

N/A 1 N/A 

Gyrase 

(conjugated to 

acrylamide) 

Coumermycin 

(dimeric) 
108 248 6 N/A 

13 % after 12 

hours 

Human umbilical vein 

endothelial cells 

encapsulation; higher viability 

after 96 hours. 

VEGF 
Novobiocin concentration 

dependent 
[118] 

N/A – not available 
1 Concentration reported by authors: 2 mM  

AD - anchoring domain; CaM – calmudolin; DDD - docking and dimerization domain; eNOS - endothelial NO synthase; HIP – heparin interacting protein; hIPCS-EC - human pluripotent stem 

cell-derived endothelial cells; HUVECs - human umbilical vein endothelial cells; PEG – poly(ethylene) glycol; PGD - petunia glutamate decarboxylase; TIP1- Tax-interacting protein-1; TPR - 

tetratricopeptide repeat; VEGF – vascular endothelial growth factor. 
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The use of affinity interactions between building blocks comprising ligands and cognate 
receptors are used as the driving force to trigger the self-assembly process of affinity-
triggered hydrogels. This allows the development of novel materials with emergent 
properties and potential applications in tissue engineering and drug delivery.  
 


