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Abstract

Hydrogels are of growing interest for the delivery of therapeutics to specific sites in the body. For 

use as a delivery vehicle, hydrophilic precursors are usually laden with bioactive moieties and then 

directly injected to the site of interest for in situ gel formation and controlled release dictated by 

precursor design. Hydrogels formed by thiol–ene click reactions are attractive for local controlled 

release of therapeutics owing to their rapid reaction rate and efficiency under mild aqueous 

conditions, enabling in situ formation of gels with tunable properties often responsive to 

environmental cues. Herein, we will review the wide range of applications for thiol–ene hydrogels, 

from the prolonged release of anti-inflammatory drugs in the spine to the release of protein-based 

therapeutics in response to cell-secreted enzymes, with a focus on their clinical relevance. We will 

also provide a brief overview of thiol–ene click chemistry and discuss the available alkene 

chemistries pertinent to macromolecule functionalization and hydrogel formation. These 

chemistries include functional groups susceptible to Michael type reactions relevant for injection 

and radically-mediated reactions for greater temporal control of formation at sites of interest using 

light. Additionally, mechanisms for the encapsulation and controlled release of therapeutic cargoes 

are reviewed, including i) tuning the mesh size of the hydrogel initially and temporally for cargo 

entrapment and release and ii) covalent tethering of the cargo with degradable linkers or affinity 

binding sequences to mediate release. Finally, myriad thiol–ene hydrogels and their specific 

applications also are discussed to give a sampling of the current and future utilization of this 

chemistry for delivery of therapeutics, such as small molecule drugs, peptides, and biologics.
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1. Introduction

Significant advancements have been made in the last decade to develop new therapeutics 

with the potential to improve the treatment of a variety of diseases, from small molecular 

weight hydrophilic and hydrophobic drugs to larger peptides and biologics (e.g., therapeutic 

proteins and antibodies). In particular, biologics have been a major area of growth for the 

pharmaceutical industry with the worldwide sales of biologics exceeding $92 billion in 

2009.1 Despite this increasing demand, costs of drug development and production remain 

high.2-3 Delivery of therapeutics at a controlled rate to a targeted site affords opportunities to 

both improve treatment efficacy and reduce total treatment costs. However, successful 

development of drug carriers with appropriate therapeutic retention and release 

characteristics for clinical use remains a challenge and an area of active research. 

Tremendous progress has been made in the design of novel drug carriers, including 

liposomes,4-5 nanoparticles,6-8 polymersomes,9-11 dendrimers,12-13, microparticles,14-15 and 

hydrogels,16-17 with improved efficacy, prolonged drug action in vivo, reduced drug toxicity, 

and decreased drug-associated costs. Among these drug carriers, hydrogels have emerged as 

promising delivery vehicles, especially for biologics, owing to their high cargo loading 

efficiency and their ability to retain cargo bioactivity.18

Hydrogels, or hydrophilic polymer networks that imbibe and retain large amounts of water, 

have been fabricated for controlled release applications using a range of natural and 

synthetic polymers as their base building blocks. Due to their inherent biocompatibility and 

bioactivity, natural polymers, such as hyaluronic acid,19 chitosan,20 heparin,21 silk,22 and 

alginate,23 often provide synergistic interactions with cargo molecules and with cells in vivo. 

For example, Elia and coworkers recently demonstrated the delivery of small molecular 

weight drugs (cortisone and hydrocortisone) using hyaluronic acid-silk based hydrogels.24 

On the other hand, synthetic biocompatible polymers, including poly(ethylene glycol) (PEG) 

and poly(vinyl alcohol) (PVA), generally offer greater flexibility for chemical modification, 

improved tunability over mechanical properties, facile incorporation of degradable 

functional groups, and limited batch-to-batch variation.18 For example, Sinko and coworkers 

investigated the use of PEG hydrogels for ocular drug delivery to injured rabbit corneas; 

sustained delivery of doxycycline over 7 days using these hydrogels resulted in accelerated 

wound healing compared to direct doses of doxycycline.25

Control over the formation of these hydrogels is essential for delivery applications since the 

connectivity (e.g., crosslink density) and mechanical properties of the network dictate mass 

transport and therapeutic release. For example, increasing the crosslink density decreases the 

distance between crosslinks in the hydrogel (i.e., mesh size), often resulting in a decreased 

initial burst of cargo.26-27 Yang and coworkers demonstrated mesh size-dependent release of 

the model protein bovine serum albumin (BSA) from PEG-based hydrogels with mesh sizes 

ranging from 4 nm to 14 nm.26 For hydrogel compositions with a mesh size below 6 nm, 

only about ∼15% of encapsulated BSA was released. In contrast, for the hydrogel with a 

mesh size of approximately 15 nm, ∼100% of encapsulated BSA was released within 2 

hours.
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Hydrogels have been formed by i) physical crosslinking (i.e., non-covalent interactions), 

including ionic, electrostatic, or hydrophobic interactions between the polymeric 

macromers, or ii) chemical crosslinking by reactive functional groups to form covalent 

linkages.28 Physically crosslinked hydrogels offer advantages for injectable formulations, 

including dynamic crosslinks for gel dissolution and therapeutic release, shear thinning for 

injection, and in situ formation without initiators or catalysts.29 However, covalently 

crosslinked hydrogels provide better control over crosslink density and allow easier 

incorporation of labile functional groups for stimuli-responsive degradability of and release 

from the delivery vehicle.30 Amongst covalent crosslinking chemistries, click reactions, 

including copper-free azide–alkyne cycloadditions, Diels-Alder, thiol–ene, and oxime 

reactions, are attractive for therapeutic delivery applications due to their fast reaction 

kinetics under mild conditions, permitting rapid formation in situ in the presence of cargo 

molecules and tissues.28, 31-32 In particular, thiol–ene click reactions have been broadly 

applied for the design of drug delivery carriers.33-35

In this review, we highlight recent work utilizing thiol–ene click reactions for controlled 

drug delivery applications. Drug incorporation and release mechanisms (section 2) and 

thiol–ene reactions for hydrogel formation (section 3) are discussed along with recent 

examples of material chemistries used for therapeutic delivery. We subsequently overview 

how thiol–ene hydrogels have been used for delivery of small molecular weight drugs, 

therapeutic peptides, and proteins (section 4) and examine future directions in the field 

(section 5).

2. Drug incorporation and release mechanisms

Strategies for incorporation of therapeutics into hydrogels generally fall into three 

categories: (1) encapsulation, where therapeutics are entrapped within the crosslinks of the 

polymer network (Fig. 1A); (2) tethering, where drugs of interest are covalently bound to the 

polymer network (Fig. 1B); and (3) affinity binding, where hydrophobic, ionic, or peptide 

interactions are utilized to retain therapeutics within the hydrogel network (Fig. 1C).36 To 

design effective drug delivery vehicles, these strategies are combined with appropriate 

release mechanisms to suit the application of interest; several examples are shown in the 

right hand column of Fig. 1. The release of therapeutics entrapped within or tethered to the 

matrix can be controlled by i) Fickian diffusion, ii) degradation of tethered linkages in 

response to relevant biological stimuli, or iii) combinations of both. With affinity binding, a 

ligand is added to the hydrogel with affinity for therapeutic(s) of interest. In this way, release 

is controlled by the reversible binding of the ligand to the therapeutic in combination with 

diffusion of the free species or matrix degradation.37 In this section, we will overview 

therapeutic delivery strategies specifically for thiol–ene hydrogel systems with relevant 

examples.

For the majority of applications, hydrogels are loaded with therapeutics of interest by 

physical encapsulation (Fig. 1A), mitigating the need to chemically modify the bioactive 

cargo, which can impact FDA approval.38 Loading strategies include mixing the therapeutic 

into the precursor solution prior to forming the hydrogel39 or diffusing therapeutics into the 

hydrogel after crosslinking.40 In addition, smaller therapeutics can be encapsulated within 
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nano- and micro-gels (i.e., hydrogel particles on the size scale of nanometers or microns). 

These nano- or micro-gels are incorporated within hydrogels to restrict uncontrolled drug 

diffusion out of the bulk hydrogel immediately after formation.41 Diffusion dictated release 

occurs when the network mesh size is tuned to slightly larger than the diameter of the 

therapeutic of interest, benefiting patients by maintaining a potent therapeutic concentration 

in vivo over the course of hours or days. Hydrogels with inherent or incorporated 

degradability have been used for applications that require increased control of release over 

time or at a specific location, generally exploiting light-mediated, enzymatic, or hydrolytic 

degradation to release the drug of interest. Approaches for imparting degradability are 

discussed further in section 3.4.42 In addition to degradation, stimuli-responsive hydrogels 

whose swelling changes in response to a microenvironment stimulus have been used for the 

controlled release of entrapped therapeutics; increased swelling within the desired 

microenvironment leads to increased mesh size and consequently release. A recent review 

by He et al. highlights pH and temperature responsive drug delivery from a variety of 

materials, including stimuli-responsive thiol–ene hydrogels.43

Often, covalent conjugation (Fig. 1B) is required when the size of the therapeutic is too 

small to allow entrapment within the hydrogel or when diffusion of the therapeutic from the 

hydrogel is too rapid for a desired application. The therapeutic typically is modified for 

covalent attachment to the hydrogel and released by cleavage of the covalent linkage or by 

complete hydrogel degradation. With linker cleavage (e.g., enzymatic cleavage of a peptide 

linker), tethered molecules are released without altering the greater network structure.44 

When therapeutics are incorporated into the polymer backbone, rather than as a pendant 

group, the matrix itself is degraded to facilitate release. Van Hove et al. applied the latter 

approach for the release of peptide-based drugs that promote angiogenesis: the drugs were 

flanked by enzymatically-degradable peptides that crosslinked the hydrogel (IPES↓LRAG, 

which degrades in response to specific matrix metalloproteinases [MMPs]), and the drug 

was released upon MMP-mediated hydrogel degradation.45

The third major class of techniques for therapeutic incorporation within thiol–ene hydrogels 

is affinity binding (Fig. 1C). Hydrophobic interactions, hydrogen bonding, and ionic 

inclusion complexes all have been used to retain therapeutics in hydrogel networks.46-47 

Cleaving hydrophobic groups from the network decreases the ability of a gel to retain 

hydrophobic drugs, and ionic networks have been used to release therapeutics in response to 

changes in pH. For example, Arslan et al. designed a PEG-based hydrogel in which 

cyclodextrin-containing crosslinkers form an inclusion complex with the hydrophobic drug 

puerarin, which is traditionally used for treating glaucoma.48 The amount of puerarin loaded 

into each hydrogel was maximized by decreasing the molecular weight of PEG, which made 

the polymer and resulting hydrogel less hydrophilic, and by increasing the concentration of 

cyclodextrin, which has a hydrophobic interior cavity that entraps and releases hydrophobic 

drugs.

3. Thiol–ene reactions for hydrogel formation

Broadly, thiol–ene click chemistry refers to the reaction of thiol-containing compounds with 

alkenes, or ‘enes’, with close to one hundred percent conversion. Interest in thiol–ene 
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chemistry for hydrogel design has arisen from several advantageous attributes for biological 

applications: i) thiol–ene reactions often proceed rapidly under mild conditions (e.g., water 

and buffers) that are compatible with cells and other biological molecules; ii) thiol–ene 

reactions have well-defined and well-characterized reaction mechanisms and products; and 

iii) the process of introducing thiols and alkenes to macromolecules for hydrogel synthesis is 

relatively simple compared to the introduction of other functional groups (e.g., strained 

cyclooctynes).49-50 In this section, we review some of the key aspects of thiol–ene reactions 

for their use in designing hydrogels for therapeutic release: the thiol–ene reaction 

mechanisms, the introduction of thiol groups onto macromolecules to generate macromers, 

and the characteristics of alkenes that can be used for thiol–ene chemistry to form hydrogels. 

This section concludes with a brief discussion of engineering thiol–ene hydrogels to control 

their degradation and release profiles.

3.1 Thiol–ene reaction mechanism

Reactions of thiols with alkenes typically occur by two different mechanisms: thiol-Michael 

type reactions and radically-mediated thiol–ene reactions. Selection of the reactive 

functional groups and solution conditions, as discussed in section 3.2, dictates the reaction 

mechanism and important characteristics relevant for consideration when designing 

hydrogels for therapeutic delivery (e.g., reaction initiation, time, and byproducts). While the 

reaction mechanisms are briefly discussed here, interested readers are referred to recent 

articles on thiol–ene chemistry for a comprehensive review.33-34, 49, 51

The thiol-Michael type reaction typically proceeds at room temperature without interference 

from water protons, making it amenable to hydrogel synthesis, which usually takes place in 

aqueous solutions. Generally, in thiol-Michael type reactions, a base (B) abstracts a proton 

from a thiol, forming a thiolate anion that acts as a nucleophile (Fig. 2A). The thiolate anion 

attacks the electrophilic β-carbon of an alkene to form a carbon-centered anion intermediate, 

which subsequently abstracts a proton from a conjugate acid (BH+) to generate the thiol-

Michael addition product, regenerating the original base. The reaction continues, usually 

rapidly, until one of the reactive functional groups is consumed. Owing to the mechanism, 

these reactions typically are free of byproducts and can occur with no or low amounts of 

catalyst, making thiol-Michael reactions attractive for injectable hydrogel applications.

In radically-mediated thiol–ene chemistry, the reaction also proceeds under mild aqueous 

conditions but requires an initiator to generate radicals that initiate the reaction between thiol 

and select alkene functional groups (Fig. 2B). Radical generation can be achieved using a 

thermal, oxidation-reduction, or photochemical process based on initiator selection.34 After 

initiation, the generated radical attacks a thiol to form a thiyl radical, which acts as an 

electrophile. Subsequently, the thiyl radical attacks the C=C double bond of the alkene, 

forming a thiol–ene addition product and generating a new thiyl radical. The propagation 

process is highly efficient resulting in a reaction of one thiol with one alkene. Unlike the 

traditional free radical chain polymerization (e.g., acrylates or methacrylates), radically-

mediated thiol–ene reactions are relatively oxygen-insensitive.33

Photochemical processes are particularly attractive for designing thiol–ene hydrogels for 

biomedical applications as they afford control of where, when, and how fast the 
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polymerization occurs by controlling the application of light.52 Photoinitiated thiol–ene 

reactions have been utilized to prepare various drug carriers, including microgels and 

nanogels. Photoinitiators such as Irgacure-2959,53 lithium acylphosphinate (LAP),54 and 

eosin-Y55 have been used extensively; initiator-free photopolymerization also has been 

reported but is less common.56 Thiol–ene photocrosslinking reactions typically have been 

carried out in the presence of biological cargoes (e.g., proteins, cells) with low 

cytocompatible doses of light (e.g., ∼5 to 10 mW/cm2 of long wavelength UV light at 365 

nm for ∼2-5 minutes). Visible light light-mediated polymerizations of thiol–ene hydrogels 

also have been reported (e.g., 70,000 lux at 400 – 700 nm for ∼30 seconds).55 For translation 

to the clinic, both the cytocompatiblity and the depth of light penetration must be 

considered. While hydrogels may be be formed in situ during surgical procedures without 

concern of light penetration,57 formation of hydrogels by irradiation through tissues 

currently is limited to superficial depths by the scattering of light by tissues (e.g., penetration 

depths of ∼0.5 mm at 365 nm to 500 nm through skin).58-60 Toward increasing the range of 

wavelengths available for photopolymerizations in water, Grutzmacher and coworkers 

recently reported the synthesis of highly efficient, water-soluble visible light photoinitiators 

using monoacylphosphineoxide and bisacylphosphineoxide salts that are promising for 

biological applications based on their response to low doses of blue light (465 nm LED for 

<30 min).61-62 In addition, cyclic benzylidene ketone-based initiators that are water soluble 

and responsive to two-photon near infrared light (780 nm, ∼60 to 400 mW, 100 fs pulse) 

may prove useful for thiol–ene photopolymerizations in biomedical applications requiring 

increased light penetration in situ.63

3.2 Introduction of thiol functional groups on macromolecules

Thiol–ene hydrogels are prepared by covalent crosslinking of hydrophilic polymers 

containing reactive thiols and alkenes; these reactive macromolecules also are referred as 

macromolecular monomers or macromers (Fig. 3A). Thiol functional groups (also known as 

sulfhydryls) are generally introduced on a macromer by reactions with functional groups 

commonly found on natural and synthetic polymers, including amines, carboxylic acid 

groups, aldehydes, ketones, or reduced disulfides (Fig. 3B). The reactivity of the thiol can 

vary depending on the functional group(s) proximate to it, which affects the pKa.34 While a 

brief overview of incorporation of thiol groups on macromers is provided here, commonly 

used synthetic macromers, such as poly(ethylene glycol) functionalized with thiols, are 

commercially available.

For polymers and proteins containing primary amine groups, thiols have been introduced by 

reacting primary amines using 2-iminothiolane (Traut's reagent), N-succinimididyl S-

acerylthioacetate, or succinimidyl acetyl-thiopropropionate.64 For example, Stevens and 

coworkers thiolated primary amines on a latent form of recombinant transforming growth 

factor (TGF-β1) using 2-iminothiolane and subsequently reacted the thiolated growth factor 

with acrylate-functionalized PEG by radically-mediated thiol–ene reaction (see 3.3.4 for 

mechanistic details).65 The resulting hydrogel contained the latent form of TGF-β1, 

resulting in increased metabolic activity and protein deposition of encapsulated 

chondrocytes compared to a negative control while maintaining the bioactivity and stability 

of the released TGF-β1 over a 34 day time period.
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Using carbodiimide chemistry, thiol groups have been introduced on a polymer or a protein 

by reaction of carboxylic acid groups with cystamine or similar reagents that contain a 

primary amine and a thiol. For example, Revzin and coworkers incorporated thiol functional 

groups on heparin using carbodiimide chemistry to modify 40% of the available carboxylic 

acid groups.66 Heparin is a highly-charged polysaccharide often used in hydrogels to mimic 

heparan sulfate that is found within the extracellular matrix and binds various proteins (e.g., 

growth factors or cytokines), mediating their release.21 Here, hydrogel microspheres 

crosslinked with the thiolated-heparin were formed by reaction of the thiol functional groups 

with acrylate end-functionalized PEG. The hydrogels containing heparin retained hepatocyte 

growth factor (HGF) over approximately 5 days, whereas control hydrogels without heparin 

contained minimal levels of HGF. This example highlights that thiolation and subsequent 

incorporation of macromolecules such as heparin can be useful in designing thiol–ene 

hydrogels for therapeutic delivery.

In addition, aldehyde or ketone groups on macromolecules have been modified using 

acetamido-4-mercaptobutyric acid hydrazide, a hydrazide derivative, to form reactive thiol 

functional groups.64 For macromolecules containing disulfide linkages, disulfide groups can 

be reduced to introduce free thiol groups for reaction with alkenes.64 For 

biomacromolecules, though, reduction of disulfides also may result in changes to native 

structure and reduced bioactivity.

While thiol–ene polymerization conditions are typically chosen to minimize side reactions, 

disulfide formation still can present a challenge in the consistent formation of thiol–ene 

hydrogels: thiol-functionalized macromers can react with each other to form disulfide 

linkages making them inaccessible for subsequent reaction with alkenes.67 Additionally, 

thiols on macromers can react with various functional groups that are present on biologics 

(i.e., off-target reactions leading to oxidation of cysteine residues on proteins).68 

Uncontrolled reactions can contribute to loss of bioactivity and degradation of therapeutic 

peptides and proteins and hence generally are undesirable. Even so, this approach has been 

utilized to conjugate biologics to polymeric drug carriers.69-70

3.3 Types of alkenes used for thiol–ene hydrogel formation

3.3.1 Vinyl Sulfone—Vinyl sulfones are electron poor alkenes that react with thiols in 

slightly alkaline conditions (e.g., pH ∼ 8) to give stable β-thiosulfonyl linkages, known as 

thioether bonds (Fig. 3C).64 Vinyl sulfone groups generally are stable for extended periods 

of time under aqueous conditions near neutral pH. Vinyl sulfone groups have been 

introduced on macromers by reaction with free amine and hydroxyl functional groups under 

basic pH.71-72 For example, in seminal work, Lutolf and Hubbell reported the reaction of 

hydroxyl end-functionalized PEG with divinyl sulfone in the presence of sodium hydride to 

synthesize vinyl sulfone end-functionalized PEGs for use in hydrogel formation.71

Hydrogels prepared using thiol-vinyl sulfone crosslinking are attractive for drug delivery 

applications and as tissue engineering platforms owing to their mild reaction conditions.72-73 

Hubbell and coworkers have demonstrated applications of vinyl sulfone-based hydrogels for 

therapeutic delivery, including the delivery of bone morphogenetic protein 2 (BMP-2) for 

bone regeneration.74-75 Building upon this, Peng et al. recently reported the synthesis of 
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vinyl sulfone-functionalized dextran hydrogels for delivery of BMP-2 in vivo.73 Vinyl 

sulfone propionic acid was reacted with hydroxyl groups of dextran via esterification in a 

one-pot synthesis to yield a series of macromers with varying degrees of substitution (DS = 

∼2 to ∼12.5). In vivo studies were performed in mice where hydrogels loaded with 

recombinant human bone morphogenetic protein-2 (rhBMP-2) were implanted in muscle 

pouch. Hydrogels prepared from macromers with higher degrees of substitution (DS = 12.5) 

exhibited slower degradation and higher ectopic bone formation (318 mg) compared to 

macromers with lower degrees of substitution (DS = 9, ectopic bone formation = 226 mg). 

This finding can be correlated to slower degradation of these thiol–ene hydrogels, resulting 

in sustained release of rhBMP-2 for bone formation.

3.3.2 Maleimides—Maleimides are electron poor alkenes and readily react with thiols by 

Michael-type additions to form succinimide thioether linkages (Fig. 3C). Maleimide groups 

often are incorporated onto macromolecules by carbodiimide chemistry (e.g., reaction of 

activated carboxylic acids with amines to introduce maleimide groups). Thiol-maleimide 

reactions offer a number of advantages: (1) at neutral pH, maleimides react with high 

selectivity for thiols; (2) thiol-maleimide reactions occur rapidly under physiological 

conditions; and (3) the thiol-maleimide linkage formed with aryl thiols can undergo retro-

Michael reaction under reducing conditions for controlled degradation and release 

applications.76-77 However, it is important to note that maleimide groups undergo ring 

hydrolysis under aqueous conditions, yielding maleamic acid that is not reactive with 

thiols.64 Solution pH, temperature, neighboring functional groups, and hydroxyl ion 

concentration affect the rate of ring hydrolysis (k = 500 to 1600 M-1 s-1).78 While maleimide 

ring hydrolysis after formation of succinimide thioether linkages will not significantly 

change the properties of an existing hydrogel, ring hydrolysis in the precursor solution 

before hydrogel preparation can significantly increase network defects; such defects 

typically increase mesh size and reduce network retention of loaded therapeutics, affecting 

release characteristics.64 In addition, since unreacted small-molecule maleimides can be 

cytotoxic, thorough purification of maleimide-functionalized macromers after synthesis is 

needed.79

Thiol-maleimide reactions have successfully been used to design various cell-compatible 

hydrogels for tissue engineering and drug delivery applications.80-83 For example, Fu and 

Kao reported semi-interpenetrating thiol-maleimide hydrogels formed in situ for controlled 

release.81 Thiol and maleimide end-functionalized PEG were reacted in the presence of 

gelatin at 37 °C to form a semi-interpenetrating network. A model macromolecule, 

fluorescein isothiocyanate-labeled dextran (Mw ∼ 40,000 g/mol), was encapsulated in the 

network during hydrogel formation by mixing with the precursor solutions. In the absence of 

gelatin, 80% of the dextran cargo was released after 1 hour, whereas the incorporation of 

gelatin slowed release of the cargo molecule to 25 hours (100% release). The difference in 

the release profiles was attributed to reduced mesh size as a result of additional physical 

entanglements caused by gelatin incorporation.

3.3.3 Norbornene—Norbornene is a strained cyclohexane ring with a methylene bridge 

that reacts with thiols in the presence of free radicals in a 1:1 ratio, suggesting limited to no 
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norbornene homopolymerization under gelation conditions (Fig. 3C).84 For hydrogel 

formation, the thiol-norbornene reaction has been carried out in minutes using low 

cytocompatible doses of long wavelength ultraviolet light with the photoinitiators 

Irgacure-2959 and LAP (10 mW/cm2 at 365 nm)84 or using visible light with the 

photoinitiator eosin-Y (70000 Lux at 400 – 700 nm).55, 85 Since norbornene groups are 

relatively stable, high conversions have been achieved when stoichiometric amounts of 

reactive functional groups are used.86 The rate of reaction has been controlled by varying the 

light intensity, wavelength, and the concentration of photoinitiator,53, 84, 87-88 as has been 

similarly done for other radically-mediated thiol–ene reactions noted below (3.3.4). For a 

comprehensive review of hydrogels prepared using thiol-norbornene reactions, readers are 

referred to a recent review by Lin and coworkers.88 Broadly, the ability to crosslink 

hydrogels with light using radically-mediated thiol–ene reactions (e.g., thiol-norbornene, 

thiol-acrylate) provides control over hydrogel formation at positions and times of interest 

(i.e., spatiotemporal control), which is attractive for the formation of hydrogels in complex 

geometries, including tissue defects (e.g., critically-sized bone defects), and for stabilizing 

hydrogel microparticles.89-90

3.3.4 Other alkenes—Acryloyl groups (H2C=CH–C(=O)–) contain double bonds that are 

electron poor in nature and react with thiols to form stable thioether linkages (Fig. 3C) via a 

step-growth mechanism under basic conditions or in the presence of free radicals. However, 

in the presence of free radicals, acryloyl groups also react with each other via free radical 

chain polymerization resulting in an overall mixed mode polymerization: thiyl radicals react 

with acrylates (1:1) by step growth polymerization while acrylates react with each other by a 

chain growth polymerization.91-92 These reactions of thiols with acryloyl groups have been 

used to design drug delivery carriers.93-95 Vermonden and coworkers reported the reaction of 

thiols and methacrylates to form thermosensitive hydrogels for controlled delivery of the 

model therapeutic peptide bradykinin (BK).95 Briefly, a thermoresponsive macromer 

functionalized with acrylates (ABA-triblock polymer containing N-isopropylacrylamide) 

was reacted with thiolated hyaluronic acid under basic conditions to form hydrogels with 

different polymer concentrations and different mesh sizes. First order release kinetics were 

observed in vitro, indicating diffusion-mediated release of the encapsulated BK, and the rate 

of release was controlled by the network mesh size. In addition to acryloyl groups, thiols can 

also react with vinyl ethers, allyl ethers, and allyloxycarbonyls by radically-mediated thiol–

ene reactions with a range of reported rates (Fig. 3C); to date, such hydrogels primarily have 

been used for tissue engineering applications.96-98

Unsaturated double bonds within maleate or fumarate readily react with thiol functional 

groups under basic pH by a Michael-type reaction; such reactions of thiols with maleates or 

fumarates recently have been utilized for drug delivery.99-100 For example, Shen and 

coworkers recently reported the use of thiol–ene hydrogels for the delivery of camptothecin, 

a hydrophobic anti-cancer drug.99 Poly[oligo(ethylene glycol) mercaptosuccinate] was 

reacted with poly[oligo(ethylene glycol) maleate] to form hydrogel films (thickness ∼10 to 

35 nm). Camptothecin was conjugated to the polymer backbone with hydrolytically 

cleavable ester linkages for controlled drug release over short periods of time (∼24 hours).
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3.4 Administration of thiol–ene hydrogels in vivo

Thiol–ene hydrogels can be administered in vivo by i) intramuscular101 or subcutaneous 

injection102-103 of reactive precursor solutions that form a gel in situ, ii) application of 

precursor solutions at desired sites during surgical procedures followed by in situ gelation,57 

or iii) surgical implantation of pre-formed gels.104 For in situ formation, liquid precursor 

solutions need to polymerize rapidly under physiologically relevant conditions at the site of 

interest (e.g., < 1 min): if the rate of reaction is too slow, precursor solutions containing 

therapeutic drugs may diffuse into surrounding tissues, resulting in poor hydrogel formation 

and potential immunogenic response to unreacted monomers.105 However, if the rate of 

reaction is too rapid, premature gel formation may occur within the syringe for thiol-

Michael type reactions, resulting in an uneven hydrogel distribution within the tissue and 

large network defects that produce undesirable release profiles. One approach to mitigating 

this issue is using a double-barrel syringe to control reactive precursor mixing and achieve 

rapid and consistent in situ polymerizations.102-103

3.5 Degradation of thiol–ene hydrogels relevant for controlled release of therapeutics

Degradation of thiol–ene hydrogels is advantageous for therapeutic delivery applications, 

allowing tunable release of entrapped cargo controlled based on the rate of network 

degradation. In addition, degradation of hydrogel-based drug carriers after the useful 

lifetime of the hydrogel in the body avoids the need for removal by surgery. Degradation has 

been achieved by incorporating degradable groups, such as water-degradable ester 

linkages,106-107 enzymatically-degradable linkages (especially peptides),108 and 

photodegradable linkages,109 into the polymer backbone, crosslinks, or pendant groups of 

the hydrogel (Fig. 1).28 The number and type of degradable linkages and the local 

environment surrounding the degradable moiety alter the rate of degradation, providing 

handles for controlling the release rate of the therapeutic. For example, the rate of 

degradation via ester hydrolysis in thiol–acrylate hydrogels is influenced by the number of 

carbons between the sulfide and ester groups (e.g., k = 0.08 days-1 for one carbon atom and 

0.02 days-1 for two carbon atoms) and the pH of the surrounding buffer (e.g., k = 0.07 days-1 

at pH 7.4 and k = 0.28 days-1 at pH 8).110

Incorporation of enzymatically degradable peptide crosslinkers is a versatile way to control 

hydrogel degradation in a stimuli-responsive manner. For example, Patterson and Hubbell 

evaluated the rate of cleavage of a variety of different matrix metalloproteinase (MMP)-

sensitive peptides (including VPMS↓MRGG from combinatorial screening, GPQG↓IAGQ 

from collagen, and faster-degrading variant GPQG↓IWGQ) and subsequently studied the use 

of select crosslinkers for controlling the degradation of thiol-vinyl sulfone PEG-based 

hydrogels in response to MMP-1 and MMP-2.44 The rate of hydrogel degradation in 

response to one or both MMPs was found to be dependent on the sequence of the peptide 

crosslinker, where sequences were identified to achieve hydrogel degradation times ranging 

from 1 to 10 days when incubated with MMP-1 and MMP-2. These peptide sequences also 

have been incorporated within hydrogels formed by variety of thiol–ene reactions, including 

thiol-norbornene, -methacrylate, and -maleimide, where gel degradation times have been 

tuned from days to weeks based on sequence selection and network connectivity.80, 84, 111 

Aryl-thiol based succinimide thioether linkages formed using thiol-maleimide chemistry can 
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undergo degradation via retro-Michael type reactions in thiol-rich reducing 

microenvironments, such as that provided by glutathione found in elevated levels within 

tumors.77, 112 This approach has been used to tune the delivery of the anti-coagulant heparin 

over a range of time scales, from 3 days to 49 days, depending on the reactivity of the thiol 

and the strength of the reducing microenvironment.82 For a comprehensive review of 

degradable and stimuli-responsive hydrogels for biological applications, readers are referred 

to a recent review by Kharkar et al.28

4. Delivery of bioactive cargo in thiol–ene hydrogels

4.1 Small molecular drug and therapeutic peptide delivery

Thiol–ene hydrogels have been developed to control the release of small molecular drugs by 

rational design and control of hydrogel mesh size.108, 113-114 However, controlled delivery of 

small cargo molecules using thiol–ene hydrogels faces two major challenges: maintaining 

precise control over the mesh size during equilibrium swelling and incorporating 

hydrophobic drugs within highly hydrophilic hydrogels. In this section, we will highlight 

recent advances in material chemistry for the delivery of small molecular weight drugs and 

therapeutic peptides using thiol–ene hydrogels.

Swelling of the hydrogels has been controlled by careful selection of macromers. For 

example, the hydrophilicity of PEG is increased by increasing the number of repeating units 

of ethylene glycol (e.g., increasing chain length). However, to control the swelling of 

hydrogels and thus control hydrogel mesh size, an optimum balance between hydrophilic 

and hydrophobic content is needed. By selecting low molecular weight macromer 

precursors, hydrogel syneresis can be achieved, a process by which water is lost after 

formation reducing the hydrogel mesh size. With this approach, Langer and coworkers 

reported the synthesis of PEG-based thiol–ene hydrogels that can undergo syneresis in 

physiological conditions, reducing gel volume by ∼40%. They utilized these materials for 

the controlled release of methylprednisolone sodium succinate (MPSS), a glucocorticoid 

prodrug with anti-inflammatory and immunosuppressant properties.113 Hydrogels were 

prepared using acrylate end-functionalized PEG and a commercially available trifunctional 

thiol macromer (ethoxylated trimethylolpropane tri-3-mercaptopropionate). Incorporation of 

MPSS within the hydrogel suppressed the rate of hydrolysis of the ester linkage between 

methylprednisolone and succinate groups (k = 3.12 ± 0.10 × 10−3 h−1 encapsulated as 

compared to k = 5.98 ± 0.50 × 10−3 h−1 in PBS), demonstrating how hydrogels can increase 

therapeutic stability. Sustained release of MPSS was achieved over ∼20 days independent of 

the initial drug loading concentration, providing an opportunity to change the drug 

concentration based on individual patients' needs without changing the drug carrier volume.

Incorporation of small molecular hydrophobic drugs within hydrogels presents additional 

challenges owing to their limited water solubility. Introduction of hydrophobic units within 

the hydrogel network have been used to improve drug-loading efficiency and influence the 

swelling behavior of the hydrogels. For example, Harth and coworkers reported 

polycarbonate-based thiol–ene hydrogels for sustained delivery of paclitaxel, a 

chemotherapeutic drug used to treat ovarian and breast cancer.114 To incorporate the 

hydrophobic drug and optimize its residence time in the hydrogel-based drug carrier, 
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polycarbonate was incorporated within the hydrogel as an additional hydrophobic backbone 

component. A three component system (polycarbonate, poly(ethylene oxide), and semi-

branched polyglycidols) was used to optimize the balance between hydrophilicity and 

hydrophobicity, controlling hydrogel swelling behavior and drug release kinetics. Hydrogels 

that undergo ester hydrolysis were formed using light-mediated thiol–ene reactions by 

reacting allyl-functionalized polycarbonates with linear thiol-functionalized poly(ethylene 

oxide). Paclitaxel was encapsulated within the network during hydrogel formation with high 

loading efficiency (>98%), and release of ∼7% to ∼30% of the drug was observed over 7 

days depending on initial hydrogel swelling.

As noted in section 2, control over release kinetics also can be achieved by covalently 

conjugating the drug molecule to the hydrogel backbone. The rate of release of cargo 

molecules in such cases depends on the rate of degradation of the covalent linkage between 

the drug and the network. Covalently-linked drug molecules can have preprogrammed drug 

release kinetics (e.g., different numbers of hydrolytically degradable ester linkages with 

known rates of hydrolysis)115-116 or can cleave in response to the local microenvironment; 

both approaches have been used in drug delivery systems. For example, Anseth and 

coworkers reported the use of thiol–ene click hydrogels for cell-mediated delivery of 

dexamethasone (Dex), an anti-inflammatory and immunosuppressant steroid drug (Fig. 

4A).108 Dex was covalently linked to a peptide crosslinker (KCGPQG↓IAGQCK), which 

was susceptible to enzymatic cleavage by MMPs secreted by cells within tissues. The 

hydrogels were formed by reacting norbornene end-functionalized PEG with the thiol 

groups of MMP-degradable peptide crosslinkers, and the release of Dex was controlled by 

cleavage of tethers. Since Dex is known to promote osteogenic differentiation of human 

mesenchymal stem cells (hMSCs), released Dex bioactivity was monitored by measuring 

hMSC alkaline phosphatase (ALP) activity, a marker of early osteogenic differentiation.117 

hMSCs encapsulated within hydrogels containing Dex-conjugated MMP-degradable peptide 

showed a significant increase in ALP activity compared to hydrogels containing Dex 

conjugated to a non-degradable linker, demonstrating both the release and bioactivity of 

Dex. While such an approach can be translated to deliver other small molecules using thiol–

ene hydrogels, the biological activity of drugs or released drug fragments may change 

substantially after conjugation and release from the network.118 For each drug of interest, 

tests must be run to ensure the conjugated and released drug retains its desired biological 

activity.

In the last decade, with significant advances in solid-phase synthesis and recombinant DNA 

technology, FDA-approved, peptide-based drugs have gained substantial importance for the 

treatment of human diseases.119-120 For example, peptide formulations such as cilengitide, 

taltirelin hydrate, and ziconotide acetate are in clinical trials for treating diseases associated 

with the central nervous system (i.e., spinocerebellar degeneration, ataxia, and severe 

chronic pain).121 Thiol–ene hydrogels have been used to deliver therapeutic peptides owing 

to their ability to maintain the bioactivity of cargo peptides and the ease of peptide 

encapsulation by facile crosslinking chemistries.122-123 Recently, Wang et al. demonstrated 

the release of a fluorescently-labeled library of model peptide drugs using thiol–ene 

hydrogels.122 Hydrogels were formed using a combination of a thiol-containing protein 

(ubiquitin-like domain tetramer of SATB1 with cysteine residues) and PEG-maleimide via a 
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Michael-type crosslinking reaction. Controlled release of model peptide drugs (∼50% to 

80% release) was achieved within approximately 24 hours, depending on the protein-peptide 

affinity interactions (i.e., a higher binding affinity peptide released more slowly). In another 

example, Koehler et al. reported the release of a covalently-linked peptide (integrin-binding 

RGDS) by reversible Diels-Alder reactions (Fig. 4B).123 PEG-based hydrogels were formed 

using thiol-maleimide chemisty, and temperature sensitive Diels-Alder linkages were used to 

conjugate the bioactive peptide functionalized with furan groups by reaction with excess 

maleimide groups. The release rate of peptide was tuned by the incorporation of different 

numbers of maleimide tethering sites (varied by incorporation of the monofunctional thiol) 

in the hydrogels: ∼45% to 60% of peptide was released by 35 hours depending on the 

number of maleimide tethering sites, and the percent release could be further varied with 

changes in local temperature (i.e., ∼40% cargo released at 37°C and ∼70% cargo released at 

60°C). In another example, Benoit and coworkers reported thiol–ene hydrogels to control 

release of Qk, a proangiogenic peptide mimic of vascular endothelial growth factor using 

tissue-specific enzymatic activity.124 Qk was tethered to the hydrogel using enzymatically 

cleavable linkers, and variation in kcat/KM provided temporal control over release kinetics 

(i.e., ∼70% release was achieved using the sequence [Qk-PES↓LRAG-C-G] whereas only 

∼15% release was achieved using the sequence [Qk-VPLS↓LYSG-C-G], Fig. 4C). These 

examples, along with those mentioned in sections 2 and 3, highlight approaches and 

methods for the design of thiol–ene hydrogels to deliver peptide-based therapeutics.

4.2 Therapeutic protein delivery

Protein therapeutics are in development to treat cancer, autoimmune diseases, protein 

deficiencies, and infectious diseases.125 The complexity of proteins allows them to complete 

tasks that small molecules cannot easily achieve, such as catalyzing an enzymatic reaction or 

inhibiting a biological process in a specific manner.126 For example, the antibody rituximab 

binds specifically to CD20, a cell-surface glycoprotein on B-cells, and has been approved to 

treat non-Hodgkin's lymphoma.127 However, their complexity leads to additional challenges, 

as protein structure must be maintained and proteolytic degradation must be avoided until 

the protein achieves the desired therapeutic effect either locally or systemically.126 

Controlled release of therapeutic proteins from hydrogels offers the potential to maintain 

potent concentrations over extended periods of time and to limit premature degradation 

before the therapeutic reaches its desired target.128

As with small molecule drugs, the mesh size of hydrogel-based delivery vehicles is an 

important consideration; however, the mesh sizes of typical synthetic hydrogels and the size 

of therapeutic proteins are often on the same scale (approximately 1-10 nm). As a result, the 

protein often is encapsulated within the network and released by diffusion. If the protein size 

is smaller than the mesh size of the hydrogel, the protein can diffuse out of the hydrogel, 

usually at a slower rate than protein diffusion through water (and slower than uninhibited 

diffusion throughout the body). If the protein size is larger than the mesh size of the 

hydrogel, the protein is trapped until released by hydrogel degradation or a stimulus-

triggered change in mesh size. Both approaches have proven useful depending on the desired 

time scale for therapeutic release as noted in examples below and discussed more broadly 

within a relevant review.129 In many cases, model proteins of different sizes, such as 
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lysozyme (14 kDa) or BSA (66 kDa), are used. While these are useful and inexpensive 

models for protein release experiments, it is important to note that the bioactivity of 

therapeutic proteins might be compromised during loading or release from hydrogel delivery 

vehicles,130 and the compatibility of the hydrogel with a specific therapeutic protein of 

interest needs to be verified for each application.

PEG-based thiol–ene hydrogels are some of the most common types of hydrogels used in 

controlled release of therapeutic proteins. For example, Buwalda et al. crosslinked 8-arm 

PEG-poly(L-lactide)-acrylate block copolymers with multifunctional PEG-thiols by Michael 

addition for encapsulation and release of the model proteins lysozyme and albumin.131 

Protein diffusion out of the hydrogel was slowed relative to diffusion in water and took place 

on time scales of days to weeks, demonstrating controlled release. Zustiak and Leach used 

an entirely PEG-based network formed by thiol-vinyl sulfone chemistry with hydrolytically 

degradable ester bonds for controlled protein release.39 Lysozyme encapsulated in the 

hydrogel diffused out within 18 hours, but the largest protein encapsulated, immunoglobulin, 

remained in the gel until complete hydrogel degradation at one week (Fig. 5A). In both of 

these cases, the diffusion rate was tuned by changing the number of ester bonds present in 

the network, affecting the degradation rate of the hydrogel and protein release.

While Michael-type reactions have enabled successful encapsulation and release of model 

proteins, gel formation in these systems begins upon mixing of all components. In contrast, 

photopolymerization allows for spatial and temporal control of polymerization, enabling the 

use of photolithography and micromolding for the formation of macroscale hydrogel 

geometries and microscale particles.132 Impellitteri et al. used a photopolymerized PEG-

based thiol-norbornene reaction to encapsulate vascular endothelial growth factor (VEGF) in 

hydrogel microspheres containing a peptide mimic of the VEGF receptor 

(RTELNVGIDFNWEYP), serving as an affinity binding sequence that mediated VEGF 

release.133-134 The microspheres were formed in a water-in-water emulsion: one phase 

contained 4-arm PEG-norbornene, PEG-dithiol, and 0.5% w/w of the photoinitiator Irgacure 

2959; the other phase contained 40 kDa dextran. The PEG macromers were crosslinked into 

stable microspheres by irradiation (low dose of UV light, 4 mW/cm2 for 8 minutes). 

Released VEGF was shown to be bioactive by its enhancement of human umbilical vein 

endothelial cell proliferation in vitro. (Fig. 5B).

McCall and Anseth compared the efficacy of photoinitiated thiol-norbornene or acrylate 

only reactions for the encapsulation of a model protein lysozyme within PEG-based 

hydrogels.135 At equal functional group concentrations (40 mM acrylate or 40 mM 

norbornene with 40 mM thiol) and the same photoinitiator concentration (1 mM LAP, 10 

mW/cm2 at 365 nm for <5 min), the rapid thiol-norbornene system maintained a higher level 

of lysozyme activity after encapsulation and release than the slower (oxygen-inhibited) 

acrylate-based chain-growth system. This result was attributed to the protective effect of 

thiol–ene chemistry during hydrogel formation, which may limit the overall protein 

exposure to damaging free radicals in the gel-forming solution compared to acrylate 

homopolymerization (Fig. 5C).
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Hydrogel degradation rates can be engineered to respond to microenvironment conditions 

(e.g., enzymes, reducing conditions, pH), allowing triggered release of a protein therapeutic, 

as discussed in section 3.5. For example, PEG-based hydrogels formed by thiol-norbornene 

photopolymerization with cysteine-functionalized, enzyme-sensitive peptide crosslinks were 

developed and used for protein release by Anseth and coworkers.136 The crosslinks 

contained a sequence (CGAAPV↓RGGGGC) that degrades in the presence of human 

neutrophil elastase (HNE), an enzyme upregulated at the site of inflammatory disease and 

injury.137 The model protein BSA was released from these hydrogels upon the application of 

human neutrophil elastase.136 Notably, no protein release was observed in the absence of the 

enzyme, demonstrating that the protein release was controlled by the degradation of the 

hydrogel in the presence of HNE.

In an alternative approach to localized protein release, Kharkar et al. formed PEG-based 

hydrogels sensitive to glutathione, which is elevated in tumors, using thiol-maleimide 

chemistry.83, 109 Hydrogels encapsulating BSA were formed with PEG-maleimide and PEG 

functionalized with different thiols that influenced hydrogel degradability. Approximately 

40% of BSA was released from all compositions as a result of initial swelling; however, 

when the thiol-containing macromer contained an electron-withdrawing aryl group (PEG-4-

mercaptophenylacetic acid), an additional 50% of the BSA was released in the presence of 

10 mM glutathione over the course of 7 days. Negligible additional release was observed 

over 7 days for the compositions that were glutathione-insensitive, collectively 

demonstrating promise for tailoring protein release within tumor microenvironments.

While PEG-based materials are often commercially available and a number of them are 

FDA-approved,138 there is a limit to the tunability one can achieve simply by varying the 

end groups and functionality of PEG-based monomers. Langer and coworkers synthesized a 

library of thiol-functionalized ethoxylated polyol esters and reacted them with PEG-

diacrylate to form a library of hydrogels with highly tailorable rates of degradation.42 By 

changing the thiol composition of the hydrogel from 100% thioglycolate-functionalized 

ethoxylated polyol ester to 100% thiolactate-functionalized ethoxylated polyol ester, the 

time for complete hydrogel degradation was varied from ∼ 12 days to ∼ 38 days. The release 

of many model macromolecules (3, 10, 20, and 40 kDa FITC-dextrans; FITC-labeled 

ovalbumin; and Alexa Fluor 647 IgG) was controlled by changing the chemical identity of 

the polyol esters and by using multiple polyol esters within a single hydrogel. For example, 

FITC-labeled ovalbumin was released from the hydrogel over the course of ∼ 4 days to ∼ 25 

days, depending on which of the six thiol-containing polyol esters was used to form the 

hydrogel (Fig. 5D). In a follow-up work, trehalose, a disaccharide known for its protein-

stabilizing properties, was incorporated within these hydrogels.139 Trehalose diacrylate was 

mixed with PEG-diacrylate at various ratios and reacted with thiol-functionalized polyol 

esters for a total of 25 wt% polymer in the final hydrogel. When 100% of the acrylate groups 

came from trehalose (i.e., 0% from PEG-diacrylate), nearly 100% of active horseradish 

peroxidase encapsulated in the gel was recovered within ∼ 4 days. In contrast, when 6.25% 

of the acrylate groups came from trehalose (i.e., 93.75% from PEG-diacrylate), less than 3% 

of the horseradish peroxidase was recovered in active form within ∼ 12 days. Covalent 

incorporation of trehalose also maintained the activity of two other model proteins, glucose 

oxidase and α-chymotrypsin. Although the mechanism of trehalose-mediated protein 
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stabilization is not fully understood, trehalose is produced by many plants and animals in 

response to osmotic, high temperature, and other stresses, and it is thought to stabilize 

proteins by making protein unfolding more thermodynamically unfavorable.38 This concept 

may motivate additional approaches for stabilization of proteins in hydrogels.

Natural polymers and their derivatives also have been used to make hydrogels for protein 

release. For instance, Peng et al. reacted dextran-maleimide with thiol-containing 

azobenzene to form a photo-responsive dextran hydrogel.140 The cis/trans isomerization of 

azobenzene was used to release green fluorescent protein in a light-responsive manner (100 

W at 365 nm). Beyond model proteins, hyaluronic acid-based hydrogels have been used to 

deliver two growth factors, stromal cell-derived factor-1 (SDF-1) and BMP-2, to promote 

hMSC infiltration and differentiation for bone regeneration in an animal model.141 These 

hydrogels were formed in situ by a Michael-type reaction between hyaluronic acid-

maleimide, a dithiol MMP-degradable peptide (GCRDVPMS↓MRGGDRCG), and a thiol-

functionalized RGD peptide (GCGYGRGDSPG). Limited release of these growth factors 

occurred by diffusion, but in the presence of the enzyme collagenase, the gel crosslinks were 

degraded and growth factors were released from the hydrogel. Complete degradation was 

observed within 9 days with 1 U ml-1 collagenase and within 4 days with 2 U ml-2 

collagenase. Toward modulating myofibroblast activities and tissue regeneration after 

myocardial infarction, Burdick and coworkers also created injectable, MMP-degradable, 

hyaluronic acid-based hydrogel for delivery a recombinant tissue inhibitor of MMPs 

(rTIMP-3).142 The hydrogel was formed by conjugating a thiol- and hydrazide-

functionalized MMP-degradable peptide (GGRMSMPV) to maleimide-functionalized 

hyaluronic acid. The hydrazide-functionalized MMP-degradable hyaluronic acid macromer 

was then reacted with aldehyde-functionalized hyaluronic acid to form a hydrogel in situ 
upon injection. Additionally, aldehyde-functionalized dextran sulphate was incorporated into 

the hydrogel to sequester encapsulated rTIMP-3 through electrostatic interactions. The 

hydrogel/TIMP-3 construct was delivered to a region of MMP overexpression in a porcine 

myocardial infarction model, resulting in significantly reduced MMP activity and adverse 

left ventricular remodeling. The study demonstrated the ability to locally release an MMP-

inhibitor as needed in response to MMP-overexpressing pathologies.

4.3 Cell delivery

The delivery of mammalian cells to the site of injury or disease tissues is an emerging 

therapeutic approach, where the cell is able to exert positive effects on its surroundings by a 

variety of mechanisms including the deposition of ECM or the secretion of effector 

molecules (e.g., cytokines, chemokines) that can influence surrounding cell behavior.143 In 

this regard, hydrogels have been used to i) improve the viability or decrease the 

immunogenicity of transplanted cells, ii) provide mechanical integrity to the construct of 

transplanted cells, and iii) control the transport of cells and biomolecules. In these 

applications, the material can prevent the uncontrolled release of cells throughout the body, 

limit contact between the transplanted cells and the immune system, and support (or prevent) 

the diffusion of nutrients and waste to and from the transplanted cells.144 In particular, 

hydrogels formed by thiol–ene chemistry are advantageous for cell delivery owing to their 

often cytocompatible nature, their ability to form in neutral pH, aqueous, oxygen-rich 
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solutions, their often rapid reaction kinetics, and reaction specificity and high yield.145 

Additional information on cell delivery from hydrogels, including those formed by thiol–ene 

reactions, can be found in depth in several recent reviews.146-148

5. Conclusions and future perspectives

Significant progress has been made in the synthesis and characterization of thiol–ene 

hydrogels for the controlled delivery of therapeutics. Many of the systems overviewed here 

have shown promise with model cargo molecules, such as BSA, IgG, and lysozyme, and 

these studies provide well-defined formulations that now can be adapted for the delivery of 

specific therapeutics in vivo. However, several challenges need to be addressed toward broad 

clinical translation of thiol–ene hydrogels. The ability to retain the bioactivity of cargo 

molecules after exposure to the hydrogel environment, whether during formation or 

degradation, is one key area that further needs to be studied and addressed. For example, 

incorporation of natural polymers, such as silk, trehalose, or heparin, can be used to 

influence the stability of bioactive cargoes within otherwise synthetic hydrogels to provide 

protection during the encapsulation process.149 Maintaining precise control over cargo 

release is another persistent challenge that needs to be further explored. The ability to 

control release of cargo from thiol–ene hydrogels post-administration for patient-specific 

treatment regimes (e.g., triggered changes in material properties and release with light or 

enzymes) will be beneficial for efficient disease management. Furthermore, the light-

directed control afforded by radical-mediated thiol–ene reactions may provide opportunities 

to create drug-releasing constructs of arbitrary shapes and sizes with rapidly evolving three-

dimensional printing systems and other photolithographic processes, such as those recently 

demonstrated by DeSimone and coworkers.150 Taken together, thiol–ene hydrogels are 

promising therapeutic delivery vehicles owing to the range of facile, often biocompatible, 

chemistries available for their formation and modification providing tunability over material 

mechanical properties and cargo release profiles.
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Figure 1. Therapeutic loading and release mechanisms from hydrogel-based delivery vehicles
Hydrogels, including those formed by thiol–ene click chemistry, can be formed in vitro or in 
vivo for therapeutic delivery applications. Stoichiometric reaction between functional groups 

on multiarm poly(ethylene glycol) (PEG) macromers functionalized with specific alkenes or 

thiols, respectively, has been reported, producing thiol–ene hydrogels with nearly ideal 

network structure (shown here); these are of growing interest for delivery applications 

toward providing a well-defined and predictable mesh size. However, macromolecules of 

varied length and functionality, both of synthetic and natural origin and decorated with 

various alkenes or thiols, broadly have been utilized for the formation of thiol–ene 
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hydrogels. Engineering of material structure and chemistry provide handles for controlling 

release profiles. A) For example, therapeutics frequently have been encapsulated within the 

hydrogel network, where the cargo is entrapped if the average pore size (e.g., mesh size) of 

the hydrogel is smaller than the drug; degradation of the network, which increases mesh 

size, controls release. B) Small molecule drugs or peptides, which can be difficult to entrap 

within hydrophilic highly-swollen hydrogels, have been tethered to the network and released 

upon tether cleavage (or complete network degradation); here, cleavage by a cell-secreted 

enzyme is depicted. C) Ligands for a therapeutic of interest also have been incorporated 

within hydrogels for controlling retention and release by affinity binding; reversible binding 

of the ligand dictated by kon/koff determines the fraction of bound/free therapeutic, where 

diffusion of the free species (or matrix degradation) controls release. These therapeutic 

loading and release mechanisms can be used in different combinations than those depicted 

here and have been used in thiol–ene hydrogels.
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Figure 2. Thiol–ene reaction mechanisms
Thiol–ene reactions take place by A) Michael-type or B) radically-mediated mechanisms 

based on alkene selection. Michael-type reactions occur upon mixing of the reactive 

macromers, where the rate of reaction can be increased by addition of a base catalyst or 

increasing solution pH, making them well suited for injectable hydrogel formation. 

Radically-mediated thiol–ene reactions are initiated with the application of light and a 

photoinitiator, providing control over when and where hydrogels form.
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Figure 3. Thiol–ene hydrogels
A) Hydrogels are formed by thiol–ene reactions of alkene (‘ene’) and thiol groups on 

multifunctional macromers. B) Thiol functional groups have been introduced on 

macromolecules to generate macromers by reacting (top to bottom) i) a pendant amine with 

N-succinimidyl S-acetylthioacetate (SATA, aqueous condition in a non-amine containing 

buffer) or ii) Traut's reagent (2-Iminothiolane, aqueous buffer range pH 7-10); iii) carboxylic 

acid using carbodiimide chemistry; iv) aldehyde and ketones with 2-acetamido-4-

mercaptobutyric acid hydrazide (AMBH, under pH 7.4); or v) by reducing disulfide linkages 

using dithiothreitol (DTT), dithioerythritol (DTE), or tris(2-carboxyethyl)phosphine (TCEP) 

under aqueous conditions. C) Thiol-functionalized macromers have been reacted with 

various alkene-functionalized macromers to form hydrogels for therapeutic delivery 

applications, including (top to bottom) i) vinyl sulfone (base catalyzed), ii) maleimides (base 

catalyzed), iii) norbornenes (radically-mediated), iv) acrylate groups (radically-mediated), 

and v) allyl ethers (radically-mediated).
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Fig. 4. Controlled release of small molecular weight drugs and therapeutic peptides
A) Dexamethasone (Dex) was covalently conjugated to the backbone of the hydrogel 

network using a thiol-functionalized MMP-sensitive peptide linker (KCGPQG↓IAGQCK). 

In the presence of cell-secreted MMP, the dexamethasone fragment (closed circle) was 

released and bioactive as demonstrated by enhanced alkaline phosphate (ALP) activity of 

encapsulated stem cells compared to the negative control (open circle, peptide sequence with 

substitution of D-isoleucine [QG(d-)I] making the linker MMP-insensitive and non-

degradable). Adapted from Yang et al.108 with permission from Elsevier publishing. 

Copyright (2012). B) Furan-functionalized peptide (integrin-binding RGDS) was 

incorporated in thiol-maleimide hydrogels by a Diels-Alder reaction with excess 

maleimides. The release of peptide was controlled by a retro Diels-Alder reaction, which 

increases in rate with elevated temperature as demonstrated by the increasing fraction of 

peptide released at 37, 60, and 80 °C. Adapted from Koehler et al.123 with permission from 

ACS publishing. Copyright (2013). C) Toward promoting angiogenesis, a vascular 

endothelial growth factor mimetic peptide (Qk) was tethered to a non-degradable thiol–ene 
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hydrogel using an MMP-cleavage linker, and temporal control of Qk release was achieved in 
vitro and in vivo by changing the MMP2-susceptible peptide tether (FL = Qk-PES↓LRAG-

C-G, SL = Qk-VPLS↓LYSG-C-G). * p < 0.05; & p < 0.01; and # p < 0.0001 compared to 

buffer alone for each respective time point. Adapted from van Hove et al.124 with permission 

from Wiley publishing. Copyright (2015).
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Fig. 5. Controlled release of therapeutic proteins
A) Proteins of various sizes were released from PEG-based hydrolytically-degradable thiol–

vinyl sulfone hydrogels. Lysozyme, the smallest protein, was released in less than 24 hours, 

whereas Ig, the largest protein, was released upon complete gel degradation. Adapted from 

Zustiak and Leach39 with permission from Wiley. B) The growth factor VEGF was loaded 

into microspheres containing a peptide-based ligand derived from VEGF receptor 2 (VBP). 

VEGF was bound and released from the microspheres containing the VEGF receptor mimic, 

whereas microspheres containing a scrambled inert sequence exhibited a low level of release 

corresponding with random diffusion of VEGF into and out of the microspheres. Adapted 

from Impellitteri et al.133 with permission from Elsevier. C) Lysozyme was exposed to free 

radicals in conditions mimicking that of photoinitiated thiol–ene hydrogel polymerization. 

Higher radical concentrations would result from higher photoinitiator concentrations (10 

mM), as compared to lower photoinitiator concentrations (0.1 mM), and from increased 

exposure time to light (plotted on x-axis). Increasing radical exposure decreased the 

bioactivity of lysozyme, indicating the importance of minimizing protein exposure to free 

radicals during gel formation. Bioactivity was increased upon introduction of reactive thiol 

and norbornene functional groups, supporting the protective effect of thiol–ene chemistry 

during hydrogel formation relative to acrylate homopolymerization (data not shown). 

Adapted from McCall and Anseth135 with permission from ACS Publishing. D) FITC-

labeled ovalbumin was released from thiol-functionalized ethoxylated polyol ester/PEG-

diacrylate based hydrogels of different compositions. By changing the ratio of the 

macromers within the hydrogel, the rate of release and the overall release profiles were 
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tuned over a wide range of timescales. Adapted from Langer and coworkers42 with 

permission from Wiley.
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