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Abstract

The discovery of tetrazine click-induced secondary interactions is reported as a promising new 

tool for polymeric biomaterial synthesis. This phenomenon is first demonstrated as a tool for 

poly(ethylene glycol) (PEG) hydrogel assembly via purely non-covalent interactions and is shown 

to yield robust gels with storage moduli 1–2 orders of magnitude higher than other non-covalent 

crosslinking methods. In addition, tetrazine click-induced secondary interactons also enhance the 

properties of covalently crosslinked hydrogels. A head-to-head comparison of PEG hydrogels 

crosslinked with tetrazine-norbornene and thiol-norbornene click chemistry revealed an 

approximately 6-fold increase in storage modulus and unprecedented resistance to hydrolytic 

degradation in tetrazine click-crosslinked gels without substantial differences in gel fraction. 

Molecular dynamic simulations attribute these differences to the presence of secondary 

interactions between the tetrazine-norbornene cycloaddition products, which are absent in the 

thiol-norbornene crosslinked gels.
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Graphical Abstract

Herein, the discovery of secondary interactions between the products of the inverse-electron 

demand Diels Alder (IEDDA) tetrazine-norbornene click reaction are leveraged to produce purely 

non-covalently crosslinked hydrogels. In covalently crosslinked poly(ethylene glycol) (PEG) 

hydrogels, the presence of these secondary interactions results in increased storage modulus and 

resistance to hydrolytic degradation compared to gels crosslinked with radical-mediated thiol-

norbornene chemistry.
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Chemical reactions fitting the click chemistry paradigm have become an indispensable tool 

for the synthesis and functionalization of hydrogel biomaterials. Specifically, inverse 

electron demand Diels-Alder (IEDDA) click reactions between s-tetrazines and electron rich 

dienophiles like norbornene and trans-cyclooctene are attractive because of their bio-

orthogonality. To date, tetrazine-norbornene IEDDA click reactions have been used to 

covalently crosslink poly(ethylene glycol) (PEG),[1] alginate,[2] and gelatin hydrogels[3] for 

3D cell culture and tissue engineering. In addition, tetrazine-trans-cyclooctene IEDDA 

reactions have been used for spatial and temporal patterning and creating hydrogel 

microchannels and microfibers.[4] In all of this work, hydrogel formation has been achieved 

through formation of IEDDA cycloaddition products.

Herein, we report a new feature of tetrazine click chemistry that can be leveraged for 

engineering polymeric materials. Specifically, we report that the IEDDA click reaction 

between polymers functionalized with aryl 1,2,4,5-tetrazine and norbornene end-groups 

results in strong secondary interactions between the cycloaddition products that can be 

leveraged for non-covalent assembly. This phenomenon, which is distinctly different from 

hydrogel crosslinking through the IEDDA products, was discovered by reacting a 

tetrafunctional and monofunctional precursors. Specifically, 20 kDa PEG-tetra-norbornene 

at a concentration of 10 wt.% was reacted for 30 minutes at room temperature with 5 kDa 

methoxy-PEG-tetrazine at a 1:1 ratio of tetrazine to norbornene in water (Figure 1a). 

Methoxy-PEG-tetrazine was synthesized by functionalizing methoxy-PEG-amine with 
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5-(4-(1,2,4,5-tetrazin-3-yl)-benzylamino)-5-oxopentanoic acid, as previously described.[1] 

According to Flory-Stockmayer theory,[5] which is routinely used to predict functional group 

conversion required for step-growth crosslinking of polymer networks,[6, 7] a tetrafunctional 

component reacted with a monofunctional component would have an infinite critical 

conversion. Thus, gelation due to covalent bonds between the tetrazine and norbornene is 

not possible. Nevertheless, in situ oscillatory rheology showed the crossover of the storage 

modulus (G’) and the loss modulus (G”) at approximately 425 seconds, indicating a sol-gel 

transition (Figure 1b). Moreover, the kinetics of G’ evolution over time followed those of the 

tetrazine-norbornene reaction, indicating that gelation was an emergent property that 

followed the formation of the cycloaddition product (Figure S1). Notably, these gels 

exhibited a storage modulus of around 8 kPa (n=3) (Table S1). This modulus is much higher 

than that of other non-covalently crosslinked, multi-arm PEG hydrogels. For example, 

hydrogels assembled from 10 kDa tetrafunctional PEG and bifunctional polymer 

components with “Dock-and-Lock” peptide-peptide interactions exhibited a maximum 

storage modulus of ~1000 Pa at 10 wt%.[8] Similarly, Mixing-Induced Two-Component 

Hydrogels (MITCH) made with 8-arm, 20 kDa PEG exhibited a storage modulus of 15 Pa, 

at a concentration of 10% w/v, while similar experiments with 4-arm PEG failed to gel.[9] 

Additionally, these gels exhibited a high gel fraction of 82 ± 2.1%, and swelled considerably 

when placed in deionized water (Table S1).

To better understand the tetrazine-norbornene click-induced non-covalent gelation, we 

performed classical molecular dynamics simulations on model systems. The simulations 

compared interactions between two reactant tetrazine molecules conjugated to a short length 

of PEG to interactions between two molecules containing the tetrazine-norbornene 

cycloaddition product flanked by short lengths of PEG (Figure S2). Molecular interactions 

were then quantified based on interaction energies as well as intermolecular distances 

(Figure 1c, bottom and top panels, respectively). Importantly, while unreacted tetrazine 

molecules exhibited some secondary interactions, which was expected due to their 

hydrophobicity, the molecules were able to drift apart during the simulation despite starting 

in close proximity. This drift is apparent at approximately 20,000 ps and 50,000 ps. In 

contrast, the tetrazine-norbornene cycloaddition products were observed to drift together and 

then maintain strong interactions. These results support that the sol-gel transition observed 

after reacting PEG-tetra-norbornene with methoxy-PEG-tetrazine was the result of 

secondary interactions between tetrazine-norbornene cycloaddition products.

Because tetrazine click-induced secondary interactions enabled hydrogel formation on their 

own, we hypothesized that secondary interactions between the tetrazine-norbornene 

cycloaddition products would significantly alter the properties of IEDDA covalently 

crosslinked hydrogels. Often times, IEDDA reactions and other reactions which fit the click 

paradigm are regarded as interchangeable, with the conditions for reaction initiation as the 

major consideration for its applicability. To date, only minor differences in gel properties 

have been observed between different crosslinking reactions and have been attributed to 

differences in crosslinking efficiency and network homogeneity. [10, 11] However, we 

believed IEDDA click chemistry to provide an exception. To test our hypothesis, we 

leveraged the dual reactivity of norbornene to perform a head-to-head comparison of 

hydrogels crosslinked via IEDDA tetrazine-norbornene click chemistry and radical-mediated 
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thiol-norbornene (i.e., thiol-ene) click chemistry. Specifically, PEG hydrogels were 

synthesized by reacting PEG-di-norbornene (2 kDa) with either PEG-tetra-thiol (20 kDa) for 

thiol-ene crosslinking or PEG-tetra-tetrazine (20 kDa) for tetrazine-norbornene crosslinking 

(Figure 2a). Precautions were taken with the PEG-tetra-thiol to avoid oxidation of the thiols 

to disulfides. Characterization of the two four-arm molecules by dynamic light scattering 

showed that they exhibited similar size and degree of aggregation (Figure S3). For hydrogel 

synthesis, tetra-functional components were added to phosphate buffered saline (PBS) at a 

concentration of 7.5 wt.% and PEG-di-norbornene was added to achieve a 1:1 stoichiometric 

ratio of norbornene to the participating functional group of the tetra-functional PEG. Thiol-

ene crosslinking was achieved by UV photopolymerization (365 nm, 10 mW/cm2, 5 min) 

initiated by 2 mM lithium acylphosphinate (LAP)[12]. Tetrazine-norbornene crosslinked gels 

were allowed to react for 30 minutes at room temperature.

Although the two gel formulations used the same molecular weight components with the 

same functionality at the same concentrations, the tetrazine click crosslinked gels exhibited 

markedly higher moduli. Rheological characterization of modulus evolution during in situ 
polymerization showed a five-fold increase in shear storage modulus for tetrazine 

crosslinked gels compared to the thiol-ene crosslinked gels (7.3± 1.3 kPa vs. 1.4±0.1 kPa) 

(Figure 2b,c). Notably, the post-polymerization modulus of the covalently crosslinked gels is 

closer to that of the gels formed via secondary interactions than to those formed via thiol-ene 

covalent crosslinking. The difference between the two chemistries persisted at equilibrium 

swelling, with the shear storage modulus of the tetrazine crosslinked gels being more than 6 

times that of the thiol-ene crosslinked gels (9.0±1.8 kPa vs. 1.4±0.1 kPa, p < 0.0001) (Figure 

2d). In addition, the swelling ratio of the tetrazine click crosslinked gels was about half that 

of the thiol-ene crosslinked gels (18±0.7 vs. 38±1.2, p = 0.004) (Figure 2e). We also 

measured the gel fraction of both gel formulations and found there was no statistically 

significant difference in gel fraction between the thiol-ene crosslinked and tetrazine 

crosslinked gels (95±2.8% and 96±0.5 %, respectively, p = 0.43). Additionally, 1H NMR of 

hydrolytically degraded thiol-ene crosslinked gels showed complete conversion of the 

norbornene alkene (Figure S4). These results, which are consistent with previous reports on 

the efficiency of thiol-ene crosslinking,[7, 11, 13] suggest that the apparent differences in 

crosslink density we observed cannot be attributed to a deficiency in the thiol-ene 

crosslinking reaction and are instead due to enhancements resulting from tetrazine-

norbornene click-induced secondary interactions.

Molecular dynamic simulations of polymer chains containing products of the thiol-ene or 

tetrazine-norbornene click reactions supported this interpretation and our hypothesis (Figure 

S5). While both click products started in an extended conformation, the distance between the 

apical carbon of the bridged cyclohexanes became and stayed small in the tetrazine-

norbornene products, but varied greatly over time for the thiol-ene products (Figure 2f,g,h). 

The random drift between thiol-ene products, which lack the capacity for hydrogen bonding 

or pi-pi interactions, is similar to what was observed in the prior simulation. In contrast, the 

tetrazine-norbornene products showed interactions via hydrogen bonding, parallel displaced 

and T-shaped pi-pi stacking, and hydrophobic interactions between the relatively 

electrostatic neutral region around the bridged cyclohexane (Figure S6). Analysis of the 

interaction energy per atom of the click products showed stronger interactions between the 
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tetrazine-norbornene products than between the thiol-ene products, with the van der Waals 

interactions dominant for the tetrazine-norbornene products (Figure S7).

Finally, we tested whether secondary interactions between tetrazine-norbornene 

cycloaddition products would improve hydrogel stability against degradation. For this 

experiment, we exploited the susceptibility of the ester bonds between each norbornene 

group and the PEG backbone of the PEG-di-norbornene crosslinker to base-catalyzed 

hydrolysis. Tetrazine and thiol-ene click crosslinked gels were incubated in a 0.1 N sodium 

hydroxide solution (pH=13) at 37°C and the wet mass of the gels was recorded over 24 

hours (Figure 3a). Unexpectedly, while the thiol-ene crosslinked gels degraded completely in 

a matter of minutes, the tetrazine crosslinked gels exhibited no significant mass loss over the 

period of 24 hours. Shear storage modulus measurements revealed a decrease from 9.0 ± 1.8 

kPa to 2.0 ± 0.5 kPa (Figure 3b) in tetrazine crosslinked gels post-sodium hydroxide 

treatment. Remarkably, however, the storage modulus after hydrolysis was still higher than 

the initial storage modulus of the thiol-ene crosslinked gels. Additionally, tetrazine 

crosslinked gel samples kept in 0.1 N sodium hydroxide retained their shape and were solid 

enough to handle even after four weeks (not shown). The remarkable stability of these gels 

can be attributed to robust non-covalent interactions between the tetrazine-norbornene 

cycloaddition products, which was again supported by molecular dynamic simulations of the 

hydrolysis products (Figure S8). Simulated distances between the apical carbon of the 

bridged cyclohexanes showed that the two tetrazine-norbornene products stayed in close 

proximity after associating, despite not being connected by a PEG tether (Figure 3c). In 

contrast, the thiol-ene products drifted together and apart randomly and had a significantly 

greater distance between apical carbons on average over the course of the simulation (26.5 Å 

vs. 18.9 Å, p < 0.0001).

In summary, our experimental and molecular dynamics simulations results demonstrate 

tetrazine-norbornene click-induced secondary interactions as a new tool for materials 

engineering. This tool is useful for non-covalent assembly, which we demonstrated via an 

experiment with hydrogels. However, we envision this phenomenon being useful for other 

applications too, such as polymer films and nanoparticulate drug delivery systems. Our 

finding that tetrazine-norbornene click-induced secondary interactions enhance the 

properties of covalently crosslinked networks, as shown in our head-to-head comparison of 

tetrazine and thiol-ene click crosslinked PEG hydrogels, is also significant. Mechanistically, 

the multiple weak, non-covalent interactions between the tetrazine-norbornene products that 

drive enhancement of gel stability are reminiscent of small molecule hydrogelators, which 

self-assemble in water to form three-dimensional supramolecular networks.[14] Though click 

chemistry has been used previously to synthesize small molecule hydrogelators[15] and 

hydrogels have been formed via metal ion coordination with pyridyl groups adjacent to 

unreacted tetrazines,[16] to our knowledge, this is the first demonstration of a bridging 

between conventional gellant systems in which hydrogels are formed via covalent 

crosslinking of the polymer network, and the non-covalent, supramolecular assembly of 

small organic molecules which characterizes hydrogelators. Combining these two disparate 

mechanisms of gelation is expected to open the door to the next generation of hydrogel 

biomaterials, designing and leveraging covalent and non-covalent assemblies as seen in 

naturally-occurring biopolymers.
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Figure 1. 
a) A 10% solution of 20 kDa 4-arm norbornene-functionalized PEG with 5 kDa 

monofunctional PEG-tetrazine added in a 1:1 ratio of tetrazine to norbornene b) exhibits 

crossover of the storage (G’) and loss (G”) moduli via in situ oscillatory rheology, indicating 

gelation, at 425 s at 21°C. c) Molecular dynamics simulations comparing interactions 

between unreacted tetrazine and tetrazine-norbornene cycloaddition products. A more 

negative value of interaction energy indicates a stronger interaction. Intially, the tetrazine-

norbornene products are farther from each other than the tetrazines, and show little to no 

interaction (left region in gray). Then, the tetrazine-norbornene products drift together and 

remain so for the duration of the simulation. In contrast, the tetrazines drift apart later in the 

simulation (right region in gray) and lose all secondary interactions, as indicated in the 

interaction energy.
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Figure 2. 
(a) Either 20 kDa PEG-tetra-thiol (thiol-ene gels) or 20 kDa PEG-tetra-tetrazine (tetrazine 

gels) was reacted with 2 kDa PEG-di-norbornene at a 1:1 ratio of norbornene to thiol or 

tetrazine. b) Modulus evolution of tetrazine crosslinked hydrogels via in situ oscillatory 

rheology. c) Modulus evolution of thiol-ene crosslinked hydrogels via in situ rheology. d) 

Average storage modulus of equilibrium swelled gels. e) Swelling ratio of equilibrium 

swelled gels. (f) Distance in Ångstroms over time between apical carbons (indicated with 

arrows) of the (g) thiol-norbornene products and (h) tetrazine-norbornene products. Yellow 

lines indicate hydrogen bonds and purple lines indicate pi-pi stacking.
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Figure 3. 
a) Thiol-ene crosslinked and tetrazine-crosslinked hydrogels gels were treated with 0.1 N 

NaOH for up to 24 h and mass loss over time was monitored. b) Storage (G’) and loss (G”) 

modulus of tetrazine-crosslinked gels after base catalyzed hydrolysis via oscillatory 

rheology. c) Simulated distance between the apical carbons of model hydrolyzed thiol-ene 

products and tetrazine-norbornene products (Figure S6). The tetrazine-norbornene products 

drift together and stay together in the region in gray.
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