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Synthetic hydrogels have been increasingly engineered to provide and recapitulate the 

complex and dynamic environment of extra-cellular matrix (ECM) surrounding cells in vivo. 

Of significant interest is the design of chemical strategies not only to fabricate hydrogels 

that can function as cell culture platforms for both two-dimensional (2d) and three-

dimensional (3d) cell culture systems, but also to incorporate biologically active features 

that mimic several critical aspects of the ECM.[1]–[4] One class of synthetic hydrogels, based 

on poly(ethylene glycol) (PEG), has emerged as a diverse synthetic ECM mimic,[5] as PEGs 

are hydrophilic in nature, commercially available in a range of molecular weights and 

structures, and possess materials properties similar to many soft tissues. Further, to 

complement their biophysical properties, the relative bio-inertness of PEG hydrogels renders 

opportunities to incorporate various biochemical cues and study their effects on host cells, 

while minimizing confounding non-specific interactions from serum proteins. Hence, there 

is a growing interest in strategies to functionalize PEG hydrogels with bioactive moieties, 

including small molecules, peptides, and proteins, aimed at directing and manipulating 

cellular functions ranging from adhesion, proliferation, differentiation, motility, etc.

But beyond the synthesis of biofunctional materials, recent efforts are focused on 

recapitulating the dynamic nature of ECM, which often requires multidimensional control 

over the presentation of the biochemical signals. For example, studies have demonstrated 

incorporation of peptides motifs that facilitate cell adhesion[6]–[9] (e.g., fibronectin derived 
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RGD, PHSRN), allow cell directed degradability[5][10]–[12] (e.g., Matrix metalloproteanase 

(MMP) degradable GPQGI↓WGQ), and growth factor sequestering[13][14] (e.g., bFGF 

binding KRTGQYKL) in PEG hydrogels, but these strategies leave the experimenter as an 

observer. Thus, chemical strategies that allow external manipulation of the ECM 

environment in real time could provide insight as to how cells process queues from their 

surrounding environment, and this motivation had led to the development of new material 

approaches that allow sequential or reversible introduction of biological signals. Such 

strategies could offer new opportunities to tailor a cell’s local microenvironment in a 

biologically relevant fashion. In particular, bio-orthogonal click reactions have gained 

prominence owing to their efficiency, fidelity, facile incorporation of functional groups into 

widely used synthetic biomaterials, along with their relatively mild reaction 

conditions.[15]–[17] Further, photochemically controlled click reactions[18]–[20] allow 

confinement of the reaction of interest only to defined locations where light is delivered. 

Photolithographic techniques use photomasks and collimated light to confine and pattern 

reactions in two-dimensions, while focused light (single or multi- photon) enables control of 

the reaction within a locally defined ‘region of interest’ (ROI) in three-dimensions. While 

these chemical approaches have been successfully applied to cell-laden scaffolds to 

demonstrate localized control of cell spreading,[21] cell outgrowth,[22] control of stem cells 

fate,[23] and guided migration,[24],[25] complementary strategies that simultaneously achieve 

the addition and removal of biochemical signals would be beneficial. Since the majority of 

current strategies to functionalize bioscaffolds rely on irreversible, and thus ‘dead’, 

reactions,[21][23][26]–[30] the modified sites are consumed permanently and constrain 

stategies for sequential or multiple modifications. Hence, advances in cytocompatible 

chemical strategies that allow regeneration of reactive functional groups (i.e., reversible) 

afford powerful complementary tools in material based strategies to study cellular processes.

In this regard, a recent strategy exploiting the equilibrium switching of unreactive 3-

(hydroxymethyl)-2-napthol and reactive o-2-napthoquinone-3-methides (NQM) was used to 

demonstrate attachment, removal and re-attachment of streptavidin to a thiol-derivitized 

glass slide.[31] This approach used a base catalyzed Michael addition for conjugation and 

350 nm UV light to cleave the NQM functionalized chemical moieties to thiol-

functionalized glass. Alternatively, Addition-Fragmentation-Chain transfer (AFCT) 

functional groups have been used as a unique paradigm to synthesize polymer network with 

excellent stress relaxation characteristics, as well as to create solution free physical patterns 

within the polymer substrates.[32]–[34] Key to achieving both of the functionalities in the 

polymer network is an AFCT capable allyl sulfide functional group.

Inspired from concepts and strategies outlined above, we hypothesized that allyl sulfide 

functional groups would be excellent candidates to precisely and simultaneously control the 

introduction, exchange, and/or removal of biochemical epitopes in hydrogel networks, while 

simultaneously regenerating the reactive functionality. This idea was to create a pseudo-

living biomaterial system for the introduction of biological epitopes using cytocompatible 

thiol-ene click reactions. Thiol-ene click reactions are increasingly used for biological 

applications due to their robustness, simplicity, and bio-orthogonality to form hydrogel 

culture platforms,[35]–[37] as well as for patterning in biochemical cues in the presence of 

cells.[21][35][38] Towards achieving reversible photopatterning of biochemical ligands, here 
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we report the synthesis of allyl sulfide functionalized hydrogel networks and characterize 

the reversible biochemical patterning using a model bioactive peptide motif, RGD, to 

control cell attachment and morphology.

The reversible exchange strategy reported in this study was inspired from the regenerative 

nature of the chain transfer agent used in RAFT based polymerizations.[39] Key to this 

reversible exchange of biochemical epitopes is addition fragmentation chain transfer 

(AFCT) capable allyl sulfide functional groups that enable reversible addition and removal 

of thiol-containing compounds. Scheme 1 shows the reported mechanism demonstrating the 

β-scission of the allyl sulfide. Upon attack of a thiyl radical on the double bond of allyl 

sulfide (Scheme 1a), the reaction results in a symmetric intermediate (Scheme 1b). This 

intermediate is unstable and undergoes β-scission resulting in addition of an attacking 

species and regeneration of a new double bond (Scheme 1c). We refer to this aspect of 

regeneration of the double bond as ‘living’ in this system. The regenerated double bond is 

susceptible to further attack by another thiyl radical, thus allowing exchange of any thiol 

containing biochemical moieties of interest.

Hydrogels containing allyl sulfide functional groups were synthesized by a Cu-catalyzed 

click reaction between 4-arm PEG tetra azide and di-functional alkyne crosslinkers that 

proceeds quantitatively via a rapid, non-radical mechanism to form step growth 

networks.[38][40] Structures of the macromers used to form the hydrogel networks are shown 

in Figure 1A. Here, orthogonal Cu click reactions were chosen to synthesize the hydrogel 

networks to preserve the integrity of the double bond on the allyl sulfide functional group 

(i.e., the double bond is dormant during the formation of the hydrogel). Attack of a thiyl 

radical on the allyl sulfide functional group results in scission of cross-links and subsequent 

network degradation. As a result, the monomer formulations were adjusted to form step-

growth networks containing 22% of the allyl sulfide crosslinker 2 (corresponding to 6.4 mM 

of allyl sulfide functional group in the formed hydrogel) and 78% of 3. Flory-Stockmayer 

theory[41] predicts that for the chosen formulation conditions, ~43% of crosslinks must be 

broken to reach the reverse gelation point, i.e. for transition from solid to liquid. Therefore, 

the chosen formulation does not undergo bulk degradation upon patterning, as a maximum 

of 22% of the crosslinks are cleaved if all the allyl sulfide functional groups are reacted.

The patterning process was initiated by homolytic photolysis of the photoinitiator 2-

hydroxy-1-[4-(2-hydroxyehtoxy) phenyl]-2-methyl 1-propanone (I2959) using a 720 nm 2-

photon laser light resulting in production of a thiyl radical that attacks the double bond on 

allyl sulfide. The cell adhesive RGDS peptide was used as model biochemical ligand to 

demonstrate photopatterning in the hydrogel networks. The RGDS peptide sequence was 

synthesized to contain a cysteine at the N-terminus end, to allow for photoconjugration via a 

thiol-ene mechanism, and 6-aminohexanionc acid to conjugate Alexa Fluor 555 (denoted as 

AF555AhxRGDSC) to visually confirm and study the addition of the patterning agent to the 

allyl sulfide functional group. Hydrogels were swollen in a solution containing 

photoinitiator and AF555AhxRGDSC for at least 2 hours and selected regions in -x and -y 

directions were exposed to 720 nm laser light. The focal point of the laser was rastered in 

the z-direction using a confocal microscope. The reaction mechanism of addition of 

AF555AhxRGDSC to allyl sulfide networks via photopatterning is shown in Figure 1B. 
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Confinement of the reaction to the exposed regions was confirmed in three dimensions by 

the resultant open cage fluorescent pattern imaged in Figure 1C. Since the photo-initiated 

thiol-ene reaction can be regulated by the amount of light delivered to the system, we 

studied the biochemical functionalization of the hydrogels by varying the laser power and 

laser scan speed. Figure 1D,E shows the concentration of RGD patterned into the gel as a 

function of laser power at different laser scan speeds. The concentration of RGD patterned 

into the network was obtained from a calibration curve obtained by measuring the 

fluorescence in gels swollen in known concentrations of the patterning agent. The laser 

power was chosen not to exceed values that were reported to be safe in the presence of 

cells.[42] Results show that the amount of RGD patterned to the networks can be controlled 

by controlling the imaging conditions, and the concentration of RGD reacted into the 

networks varied from 0 to 1.2 mM, a range which has been previously shown to be 

biologically relevant.[9][43] Figure 1E shows the fluorescent patterns of RGD formed by 

varying the laser power and imaging speed demonstrating that the amount of biochemical 

functionalization of the hydrogels can be readily tailored using the laser properties and 

imaging conditions.

Next, we demonstrate that the ‘living’ alkene functionality of the allyl sulfide functional 

groups allows for sequential exchange of new biochemical moieties by using Alex fluor 555 

and Alex fluor 488 conjugated AhxRGDSC peptides (AF555AhxRGDSC and 

AF488AhxRGDSCm respectively). AF488AhxRGDSC was synthesized similar to the 

AF555AhxRGDSC, and these peptide motifs allow fluorescence dependent monitoring of 

the thiol-ene exchange reaction. The mechanism and schematic process for the exchange of 

the patterning compounds in these hydrogel networks are shown in Figure 2A, B, 

respectively. Figure 2C–E demonstrates formation of a 250 µm long cube patterned using 10 

mM of AF555AhxCRGDS, 4.4 mM I2959 at a laser scan speed which corresponds to ~9.41 

µsec/µm2 pixel dwell time. To demonstrate the exchange reaction, we repeated the 

patterning process by the swelling the patterned gel with 10 mM AF488AhxRGDSC and 4.4 

mM I2959. The buffalo shaped region inside the square red pattern was exposed to 720 nm 

focused laser light, facilitating the exchange reaction. Photo-exchange of the orginal peptide 

(AF555AhxRGDSC) with the new one (AF488AhxRGDSC) was confirmed by fluorescent 

images showing the disappearance of AF555 fluorescence and appearance of AF488 

fluorescence in the exposed regions (Figure 2F–H). No change in AF555 fluorescence in the 

unexposed regions of the red square pattern (Figure 2F) confirmed the confinement of the 

photo-exchange only to the exposed regions.

The living nature of the double bond allows performing further exchange reactions multiple 

times, theoretically infinitely, but is limited by irreversible termination of the 

intermediate.[44] To demonstrate this nature, we performed a second exchange step using a 

non-fluorescent AhxRGDSC peptide. User defined letters (CU) inside the green buffalo 

logo, obtained after the first exchange step, were exposed to laser light under similar 

conditions as the first exchange step (Figure 2I–K). Successful exchange of the patterned 

AF488AhxRGDSC peptide with the non-fluorescent peptide was confirmed by 

disappearance of green fluorescence in the exposed regions (Figure 2J). As expected, AF555 

and AF488 fluorescence around the exposed regions after the second exchange step was not 

affected due to the exchange process (Figure I–K). Figure 2C–K clearly demonstrates the 
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‘living’ nature of alkene functionality on the allyl sulfide functional group that allows for the 

reversible exchange of the peptides. Since the exchange step allowed for complete exchange 

of the initially coupled moieties, at least within the detection limit of the fluorophore, 

exchange reactions could be extended to remove desired biochemical signals presented to 

the cells. Hence, the living characteristic of this hydrogel system allows, depending on the 

strategy, to achieve photo-coupling, photo-removal and photo-exchange of biochemical 

ligands with spatial and temporal control.

Since the extent of the exchange reaction depends on the production of initiator radicals 

responsible for initiating the thiol-ene reaction, we next characterized the kinetics of the 

exchange process by regulating the laser power and the pixel dwell time of laser light and 

monitoring the quantity of initially patterned peptide that remains attached after the 

exchange process. Figure 3A shows the amount of AF555AhxRGDSC peptide remaining 

after the exchange reaction in the presence of 10 mM AF488AhxRGDSC peptide and 8.8 

mM I2959 with increasing laser intensity at different laser scan speeds of the laser. At a 

given pixel dwell time, an increase in laser power results in higher dosage per pixel, and 

hence, higher concentration of radicals produced resulting in the lower concentration of 

AF555RGDSC peptide as shown in Figure 3A. Increasing the pixel dwell time at any 

delivered laser intensity also results in a higher dosage to the reaction volume, and hence, 

lower concentration of AF555RGDSC peptide as shown in Figure 3A. Dependence of the 

amount of the peptide exchanged on light intensity was found to be linear in laser power at 

all the pixel dwell times studied. Figure 3B shows the dependence of addition of the 

AF488AhxRGDSC peptide to the network after the exchange reaction on laser power at 

different pixel dwell time. As expected, at a given pixel dwell time, the amount of peptide 

attached to the network increased with increasing the laser power, scaling linearly as was 

observed with Figure 3A. Also, at a given laser intensity, increasing the pixel dwell time 

increases the amount of peptide attached to the network at all laser power studied consistent 

with the results of Figure 3A. Collectively, our results demonstrate a high degree of control 

over the amount of the peptide exchanged by regulating the light delivered to pre-defined 

reaction volumes.

Furthermore, the ‘living’ aspect of this strategy offers unique opportunities to construct 

opposing patterns of two different biomacromolecules. As an example, we demonstrate 

synthesis of rectangular, opposing gradients in signals using the two AF555 and AF488 

conjugated RGDSC peptides described above. Figure 3C–E shows the resultant rectangular 

radial gradient formed from exchanging reactions between AF555RGDSC and 

AF488RGDSC at a laser scan speed of 2. Specific polygon regions on a 250 µm long cube 

pattern were exposed to radially decreasing (measured from center to outside) laser power 

resulting in opposing patterns as shown in Figure 3C,D. The concentrations of the resultant 

AF555RGDSC and AF488RGDSC peptides are shown in Figure 3A,B respectively. Images 

clearly demonstrate the flexibility in constructing opposing gradient patterns by controlling 

the parameters of confocal microscopy. The patterning process occurs at typically used 

imaging speeds, and the whole patterning and exchange reactions occur on the order of 

seconds to minutes. Also, since the patterning strategy used in this work for the exchange 

reactions constructed ROIs using Zeiss software to form the patterns, advanced patterning 
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procedures reported by Culver et al.[45] can be directly implemented to construct numerous 

relevant biomimetic patterns.

Finally, this chemistry allows manipulation of the local environment of cells, as it uses 

reaction conditions, wavelengths, and imaging conditions that have all been shown to be 

cytocompatible.[26][46] Towards the ability to manipulate the local cellular 

microenvironment, we demonstrate that the exchange reactions can be conducted in the 

presence of primary human mesenchymal stem cells in situ. Figure 4A,B shows that hMSCs 

(red, Figure 4B) attach on a rectangular pattern of RGD (green, Figure 4A). After one day of 

culture on these shapes, the RGD peptide was exchanged with a biologically inactive RDG 

peptide (non-fluorescent) at specific regions. Exposing specific regions of the pattern under 

conditions that allow exchange of the RGD (fluorescent) with RDG (non-fluorescent) 

peptide should result in disappearance of fluorescence only in the exposed regions. Figure 

4C shows the RGD pattern and hMSC morpohology after exchanging with RDG. Figure 4C 

demonstrates that the exchange process does not adversely affect the local cells, as 

evidenced by no change in cell staining. Also, since the process uses 2-photon patterning via 

a confocal microscope, the shape of the pattern can be easily modified accordingly.

In this study we have demonstrate a emergent application for the RAFT agent allyl sulfide as 

a chemical tool that can be easily incorporated into hydrogels to provide a reactive handle 

for reversible addition and exchange of biochemical moieties under cytocompatible 

conditions. The strategy reported here provides an excellent opportunity for biomedical 

researchers to temporally and spatially manipulate the local microenvironment of cells, 

reversibly and multiple times using single and multi-photon wavelength light. We expect 

that such simple chemical strategies will help researchers to design experiments to 

understand and gather information to better understand how cells respond to signals from 

their surrounding environment.

Experimental

Complete experimental procedures for peptide and macromolecular precursor synthesis, 

hydrogel formation, biochemical patterning, cell culture and immunostaining are provided in 

the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Structures of monomers used to form the hydrogel networks. 1: 4-arm-poly(ethylene 

glycol)-tetra azide. 2: 2-methylene-propane-1,3-bis(thioethyl 4-pentynoate). 3: Benzoic 

acid-3,5-bis(4-pentynoate). B) Mechanism of patterning fluorescently tagged CRGDS to the 

allyl sulphide functionalized hydrogel. C) Hollow cage pattern formed by exposing specific 

regions in –x and –y directions to 720 nm 2-photon light and rastering the focal point 

through z-direction. Thiol-ene reaction is initiated by I2959 initiator resulting in tethering of 

AF555-CRGDS only in the exposed regions. D) Amount of the peptide tethered to the 
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network can be regulated by controlling the laser power and laser scan speed. E) 

Corresponding fluorescent patterns formed by controlling the laser scan speed and laser 

power.
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Figure 2. Photoclick living strategy allows reversible exchange of biochemical ligands
A) Mechanism of replacement of a thiol-containing compound on allyl sulphide functional 

group. B) Schematic of replacement of biochemical ligand. C–K) Demonstration of 

reversible exchange of thiol containing peptides. (C–E) 250µm square pattern of 

AF555AhxRGDSC. (F–H) Buffalo logo was formed by replacing AF555AhxRGDSC with 

AF488AhxRGDSC resulting in appearance of green fluorescence and disappearance of red 

fluorescence only in the exposed regions. (I–K) Demonstration of further replacement on 

living allyl sulfide: Letters ‘CU’ inside the buffalo logo were exposed to 720 nm light to 
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photo-exchange with non-fluorescent AhxRGDSC peptide. Photo-exchange of peptides was 

confirmed by removal of green fluorescent (J) only at the exposed regions. Scale bar = 100 

µm.
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Figure 3. Kinetics of exchange of biochemical ligands in AFCT capable hydrogels
A) Amount of AF555AhxRGDSC remained attached to the network after the photo-

exchange reaction as a function of dosage at different laser scanning speeds. B) Amount of 

AF488AhxRGDSC photo-coupled to the network due to the exchange as a function of 

dosage at different pixel dwel times. C–E) Simultaneous generation of opposing gradient 

patterns of two different biomacromolecules. (C) AF555, (D) AF488RGDS and (E) 

combined. Gradient pattern is formed by exposing a uniform 250 µm square pattern to 

radially increasing laser power at pixel dwell time 36.67 µ/sec2
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Figure 4. ‘Living’ strategy allows cytocompatible manipulation of biochemical environment of 
the gel
A) 0.5 mM of rectangular RGD pattern was formed and seeded with hMSCs. B) hMSC 

stained with cell tracker red attached to the rectangular pattern. C) A smaller region was 

exposed to 720 nm light to allow for exchange of fluorescent-RGD with non-fluorescent 

RDG peptide. The photopatterning did not affect the cellular staining. Scale bar = 25 µm.
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Scheme 1. 
Mechanism of addition fragmentation chain transfer of an allyl sulfide functional group 

upon attack by a thiyl radical.
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