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Abstract 

 

Molecular substitutions were used to demonstrate preferential control over the kinetic rate 

constants in a poly(ethylene glycol)-based hydrogel with two different reversible thia-conjugate 

addition reactions. A strong electron withdrawing nitrile group on the conjugate acceptor showed 

a 20-fold increase in the forward rate constant over a neutral withdrawing group, while the reverse 

rate constant only increased 6-fold. Rheometry experiments demonstrated that the hydrogel 

plateau modulus was primarily dictated by reaction equilibrium, while the stress relaxation 

characteristics of the hydrogel were dominated by the reverse rate constant. Furthermore, the 

dynamic crosslinking allowed the hydrogel to rapidly and spontaneously self-heal. These results 

indicate that decoupling the kinetic rate constants of bond exchange allow systematic control over 

dynamic covalent hydrogel bulk properties, such as their adaptability, stress relaxation ability, and 

self-healing properties. 

 



Introduction 

 

Hydrogels crosslinked with dynamic bonds have shown promising properties for applications 

such as tissue engineering, drug delivery, and 3-D printing.1–7 In particular, dynamic bonds confer 

adaptability to the network, enabling rearrangement on the molecular scale that is dependent on 

bond lifetime and reaction kinetics.8,9 This rearrangement can be translated to several useful bulk 

properties, such as the ability to relax an applied stress or re-form crosslinks across an induced 

network defect.10–14 Furthermore, dissociation of dynamic crosslinks may lead to shear-thinning 

behavior and enhanced injectability.15–17 For these reasons, engineering bulk hydrogel properties 

via molecular-level control of dynamic crosslink reactivity has been the subject of intense recent 

interest. 

Dynamic crosslinking chemistries span both non-covalent and covalent bonds. Non-covalent 

interactions include metal coordination,18,19 physical entanglement,20 hydrogen bonds,21–24 and 

guest-host complexes.25 Guest-host complexes in particular have shown a wide range of binding 

affinities (Keq ~ 102-1012 M-1)26 and tunable kinetic parameters for binding that directly translate 

into a breadth of time-dependent hydrogel mechanics.27 Dynamic covalent crosslinking, on the 

other hand, includes a smaller set of explored reactions with slower kinetics,28 although these are 

still of intense interest for their robust mechanical properties in polymer networks.29–32 Despite this 

recent interest, studies relating systematic variation of bond exchange kinetics to hydrogel 

properties are limited.  

Some dynamic covalent chemistries have been extensively investigated as hydrogel linkages, 

including hydrazone8,31,33,34 and boronic ester4,11,35,36 groups, and emerging reports suggest that 

control over reaction kinetics can have dramatic and tunable effects on the resulting hydrogel 

properties.37,38 For instance, in the case of reversible hydrazone crosslinking, a change from an 

aliphatic aldehyde to a benzaldehyde can significantly slow the forward and reverse rate 

constants of exchange by two orders of magnitude, leading to slower stress relaxation in 

hydrogels.33 In another hydrazone crosslinking example, bond exchange kinetics were 



temporarily accelerated with the use of a benzimidazole-based catalyst, which enhanced hydrogel 

injectability for cell delivery applications.39 A third example altered reaction kinetics, and therefore 

the equilibrium binding constant, using the E/Z isomerization of azobenzene boronic acids to 

reversibly control hydrogel gel-sol transitions.40 These reports demonstrate the impact of 

reversible covalent crosslink kinetics on bulk hydrogel properties, and further motivate the 

preferential control of the forward and reverse rate constants to tailor specific mechanical 

behavior. 

 To expand the types of reversible covalent hydrogel linkages, especially with a focus on 

tunable kinetic parameters, we have explored Michael addition as a dynamic crosslink chemistry. 

Michael addition has long been used for efficiently crosslinking hydrogels.41–44 This reaction 

consists of a nucleophilic addition to an α,β-unsaturated carbonyl, typically with a thiol for the 

former, and an acrylate, norbornene, or 

maleimide for the latter. In the case of these 

nucleophilic acceptor molecules, the 

reaction is irreversible, thereby creating a 

static hydrogel with purely elastic material 

properties. Recent research has 

demonstrated, however, that an electron 

withdrawing group at the α site of the 

unsaturated carbonyl switches this normally 

irreversible reaction into a reversible 

one.45,46 Subsequent to conjugate addition, 

deprotonation of the α-carbon, which can be 

facilitated by the substituent groups on the 

 carbon, allows the reaction to reverse. 

This releases a free thiol and recreates the α,β-unsaturated carbonyl by an E1CB mechanism. A 

 

Figure 1. Reaction of an unmodified conjugate acceptor (PEG-

BCA, in orange) and a para-nitrile modified acceptor (PEG-CBCA, 

in blue) with a thiol. Black circles represent either poly(ethylene-

glycol) backbone polymers in case of hydrogel formation, or a 

hydroxyl group in the case of the thiol during UV/VIS spectroscopy. 

Because of the electron withdrawing strength of the nitrile group, 

k1 increases significantly more than k-1. This leads to a shift in 

equilibrium towards more product formation in the case of PEG-

CBCA. 



small molecule study investigating this reversible reaction revealed that electron withdrawing 

substitutions to an aromatic ring at the β-position could significantly increase the equilibrium 

constant for the reaction, presumably due to the larger k1 resulting from enhanced electrophilicity 

of the reaction site.47 In this report, we leverage the tunability of the reversible Michael addition 

kinetics to selectively control hydrogel mechanics.  

 Toward this goal, we functionalized a multi-arm poly(ethylene-glycol) (PEG) polymer with 

two distinct conjugate acceptor molecules (Figure 1) and performed kinetic measurements using 

UV/VIS spectroscopy with a small molecule thiol to prevent gelation. We demonstrate preferential 

control over the forward reaction rate kinetics using aromatic substituent group variants, thereby 

increasing the equilibrium constant while leaving the rate of dissociation relatively unchanged. 

We then mixed these functionalized PEG macromers with multi-arm thiol-functionalized PEG 

macromers, which spontaneously gelled in pH 7.4 buffer solution. Because the rate constants 

dominate different bulk properties, our results show that control of crosslinking kinetics is 

important for tuning hydrogel plateau modulus independent of stress relaxation.  Furthermore, the 

fast exchange of the reversible Michael addition crosslinks leads to rapid self-healing behavior, 

which suggests utility for many hydrogel applications. 

 

Experimental Section 

 

Materials. All materials were used as purchased unless otherwise specified. Purchased from 

Sigma Aldrich: propargyl amine, anhydrous ethanol, peptide synthesis grade dimethyl formamide 

(DMF), phosphate buffered saline, and dimethyl sulfoxide-d6, deuterium oxide, deuterated 

chloroform, copper sulfate, sodium ascorbate, and β-mercaptoethanol. Purchased from JenKem 

USA: 4-arm 20k molecular weight PEG-Azide, 4-arm 10k molecular weight PEG-Thiol. Purchased 

from Fisher Scientific: methyl cyanoacetate, and diethyl ether. 

Synthesis of propargyl cyanoacetamide (Scheme 1). Propargyl cyanoacetamide was 

synthesized by adding propargyl amine (5.81 mL, 0.0908 moles, 1.0 equiv) and methyl 



cyanoacetate (8.01 mL, 0.0908 moles, 1.0 equiv) to an oven dried round-bottom flask. The 

reaction proceeded upon stirring for 24 hours at room temperature. The product precipitated out 

and was washed with 200 mL of ice-cold diethyl ether under vacuum filtration. The product was 

a light yellow solid, yield=84%. 1H NMR (CDCl3, 400 MHz): δ=6.28 (s, 1H), δ=4.1 (dd, 2H), δ=3.4 

(s, 2H), δ=2.29 (t, 1H). HRMS (CI) [M+H]+ Calculated for C6H7N2O: 123.06. Found: 123.0558. 

 

Synthesis of PEG-cyanoacetamide (PEG-CA, Scheme 2). PEG-CA was synthesized via 

copper-catalyzed click chemistry by adding 4 arm, 20 kDa molecular weight PEG-Azide (1 gram, 

0.05 mmol) and propargyl cyanoacetamide (29.3 mg, 0.24 mmol, 4.8 equiv) to a round bottom 

flask. This flask was purged with argon for 5 minutes. Copper (II) sulfate (6.4 mg, 0.04 mmol, 0.8 

equiv) and sodium ascorbate (15.8 mg, 0.08 mmol, 1.6 equiv) were added to a separate vial which 

was also purged with argon. Ultra-filtered water (8 mL) and peptide synthesis grade DMF (8 mL) 

were added via syringe to the vial containing copper sulphate and sodium ascorbate. The vial 

was sonicated to dissolve the solids. This vial was cannulated to the flask containing the PEG 

and propargyl cyanoacetamide. The mixture was allowed to react for 3 days under constant flow 

of argon. After three days, the contents were precipitated into ice-cold diethyl ether (2 vials with 

30 mL ether each). The reaction mixture phase separated into a PEG-containing aqueous layer 

and an organic layer. The organic layer was discarded, and the aqueous layer was moved to a 

dialysis bag (6-8 kDa MWCO) and dialyzed against DI water for three days, changing the water 

every day. After three days, the contents were lyophilized. Yield=99%, Functionalization=~90%. 

1H NMR (DMSO-d6, 400 MHz): δ=8.68 (t, 1H), δ=7.92 (s, 1H), δ=3.4 (s, 454H).  

 

Scheme 1. Synthetic route for propargyl cyanoacetamide. 



Synthesis of conjugate acceptor-

functionalized PEG (Scheme 2). A 

Knoevenagel condensation was used to 

attached either benzaldehyde or 4-

cyanobenzaldehyde to PEG-CA to make 

PEG-BCA or PEG-CBCA, respectively. In 

either case, PEG-CA (272 mg, 0.0136 

mmol) and benzaldehyde (552 uL, 5.44 

mmol, 400 equiv) or 4-cyanobenzaldehyde 

(713 mg, 5.44 mmol, 400 equiv) were 

added to a round bottom flask. The flask 

was purged with argon. Anhydrous ethanol 

(5 mL) was added to the flask, which was then heated to 65 oC. The flask was purged with argon 

for three additional minutes. The reaction was allowed to proceed for two days. After two days, 

the solution was precipitated into ice-cold diethyl ether (35 mL, three times) to separate the 

functionalized PEG product from excess aldehyde. After each precipitation, the vial was 

centrifuged to recover the precipitated solid PEG product, and the supernatant was discarded. 

After precipitation, the solid product was dried overnight under vacuum. Yield= 99%, 

Functionalization=~85% for PEG-BCA and ~80% for PEG-CBCA. 1H NMR (DMSO-d6, 400 MHz): 

PEG-BCA: δ=8.99 (t, 1H), δ=8.17 (s, 1H), δ=7.94 (s, 1H), δ=7.89 (dd, 2H), δ=7.51-7.56 (m, 3H), 

δ=3.4 (s, 454H); PEG-CBCA: δ=9.11 (t, 1H), δ=8.25 (s, 1H), δ=8.04 (d, 2H), δ=8.04 (d, 2H), δ=7.96 

(s, 1H), δ=3.4 (s, 454H). 

Rheometry. Rheometry experiments were conducted using a TA Instruments Discovery HR2 

rheometer. An 8 mm flat stainless steel geometry on a stainless steel Peltier plate was used for 

all experiments. Hydrogels were compressed in situ on the rheometer to the appropriate gap 

 

Scheme 2. Synthetic route for PEG macromers functionalized with 

conjugate acceptors. 



height to fill the sample space. The rapid rearrangement of the crosslinks prevented pre-straining 

the hydrogel. Hydrogels were surrounded with silicon oil after lowering the geometry to the 

experimental gap height to prevent dehydration. All experiments were done at room temperature. 

Frequency sweeps were performed from 0.01 to 10 rad/s at 1% strain with a 10 wt% hydrogel. 

Stress relaxation experiments used an initial strain of 1% with a one second rise time with a 10 

wt% hydrogel. Self-healing high/low strain experiments used 500% and 0.5% strain respectively 

with a frequency of 10 rad/s and a 5 wt% hydrogel. 

Ultraviolet/Visible (UV/VIS) Spectroscopy. UV/VIS measurements were taken on a Biotek 

Synergy H1 Multi-Mode Microplate Reader. All experiments were done in triplicate. The model 

reaction for all UV/VIS measurements was a conjugate acceptor-functionalized 4-arm 20 kDa 

PEG reacting with β-mercaptoethanol. The extinction coefficient for the reactant conjugate 

acceptor molecule was determined prior to each experiment, using the Beer-Lambert law and a 

known concentration and path length. The extinction coefficient for the product was determined 

by reacting 50 μM of the reactant conjugate acceptor with a >600 times excess of β-

mercaptoethanol, which pushed the extent of reaction to 100%. The appropriate amount of excess 

to ensure complete conversion was determined by recording the concentration of added thiol 

where the absorbance at the desired wavelength ceased changing (See Supporting Information). 

In the case of these molecules, 150 mM thiol concentration was sufficient for complete conversion 

of reactant. The same calculation method as for the reactant conjugate acceptor was used to 

determine the extinction coefficient.  

Equilibrium constants were determined by measuring the absorbance with relatively 

equivalent concentrations of conjugate acceptor-functionalized PEG and β-mercaptoethanol in 

buffer (1x PBS, pH 7.4). By using the Beer-Lambert law for a two-component system, 

concentrations of reactant and product were determined (see Supporting Information). These 



concentrations were used to calculate the equilibrium constant for both versions of the conjugate 

acceptor-functionalized PEG molecule. 

NMR Spectroscopy. 1H NMR spectra (400 MHz) were recorded on an Agilent MR400 

spectrometer. 

Hydrogel Preparation. All hydrogels were formulated by mixing PEG-BCA or PEG-CBCA with 

a 1:1 stoichiometric amount of thiol-functionalized 4-arm 10k molecular weight PEG. The final 

mixture contained 10 wt% polymer with functional group concentration around ~10 mM with 

variations resulting from slightly different conjugate acceptor functionality. The high/low strain 

rheometer experiment used a 5 wt% hydrogel. Due to the rapid reaction rates, gelation occurred 

too rapidly for any vortexing or pipette mixing. The hydrogels were instead mixed manually post-

gelation, and due to their self-healing behavior were able to rapidly reform into a continuous 

hydrogel for further experimentation.  

 

Results and Discussion 

 

Although the reversible Michael addition reaction has been extensively investigated in small 

molecule systems, few reports examine the utility of this reaction in polymeric networks or 

hydrogels.48,49 Here, we investigate the impact of controlled rate kinetics on the rheological 

behavior of PEG hydrogels crosslinked with a dynamic thia-conjugate addition reaction (Figure 

1).  

 

Synthesis and Equilibrium Constant Measurements with a Small Molecule Thiol To probe the 

effects of aromatic substituents on the reversible thia-conjugate addition reaction kinetics, we first 

synthesized two distinct PEG macromers functionalized with benzalcyanoacetamide acceptors: 

one containing the electron withdrawing nitrile group in the para position of the aromatic (PEG-

CBCA), and one without any aromatic substituents (PEG-BCA). We developed a progressive 

synthesis method for PEG functionalization that proceeded via two steps (Scheme 2). In the first 



step, N-propargyl cyanoacetamide (Figure S1) was attached to a 4-arm PEG-azide using copper-

catalyzed cycloaddition in water with functionalization of ≥90% (Figure S2).  A subsequent 

Knoevenagel condensation with the substituted benzaldehyde completed the conjugate acceptor. 

Analysis by 1H NMR spectroscopy indicated high functionalization of the PEG macromer in excess 

of 80%, as indicated by the emergence of 

the amine, triazole, and aromatic hydrogens 

(Figures S3 and S4). Furthermore, the high 

molecular weight of the PEG conferred 

water solubility to the conjugate acceptor, 

allowing subsequent studies to be 

conducted in buffered aqueous solution.  

As a first assessment of the substituent 

impact on covalent bond formation, we 

measured the equilibrium constant using a 

fixed concentration of conjugate acceptor 

(50 μM) with different amounts of a small 

molecule thiol, β-mercaptoethanol (Figure 

2A). Both the conjugate acceptor and the 

product contain an absorption peak at 300 

nm due to the highly conjugated π-bond 

system. Because the addition of the thiol 

breaks much of this conjugation, the 

absorbance at this wavelength for the 

product is significantly lower than for the 

reactant. Due to absorption being additive 

for multiple species, the total absorption is 

 

Figure 2. Equilibrium and kinetic studies for both conjugate 

acceptors. (A) General reaction scheme between the conjugate 

acceptor and β-mercaptoethanol. (B,C) Absorption spectra of 

PEG-BCA and PEG-CBCA with increasing concentrations of thiol. 

The reactant absorbs strongly at 300nm, while the product does 

not. (D) Product concentration as a function of thiol concentration 

for PEG-BCA (orange) and PEG-CBCA (blue). The maximum for 

both molecules is 0.05 mM. PEG-CBCA reaches this maximum 

more quickly, demonstrating that it has a larger equilibrium 

constant. (E) Product concentration for PEG-BCA (orange) and 

PEG-CBCA (blue) as a function of time. Fitting the data to a 2nd 

order kinetic model provides the forward and reverse rate 

constants. 



the sum of the conjugate acceptor and product species. The reactant conjugate acceptor 

extinction coefficient is determined by measuring the 300 nm absorbance of the reactant prior to 

each experiment. Combining this with our experimentally determined extinction coefficients for 

the product (Figures S5-S8), we calculated the concentration of all species using the Beer-

Lambert equation (Equation S1).  

Figures 2B and 2C show absorption spectra for 50 μM of conjugate acceptors mixed with 

different amounts of thiol (ranging from 50-3000 μM) after 10 minutes to ensure the reaction 

reached equilibration. As thiol concentration increases, more reactant converts to product (Figure 

2D). Dividing the concentration of products to reactants yields the equilibrium constant for both 

molecules, which we found to be 4.1 x 103  ± 600 M-1 for PEG-CBCA and 1.2 x 103  ± 200 M-1 for 

PEG-BCA (Table 1). A previous study that investigated this reaction with two small molecule 

reactants found equilibrium constants of 2700 M-1 for a para-nitro substituted acceptor and 390 

M-1 for a non-substituted acceptor.47 Their experiment involved determining reactant and product 

concentrations via 1H-NMR spectroscopy in a pD 7.0 buffered solution of CD3CN/D2O (5:6). 

Because water is expected to solvate the thiol of β-mercaptoethanol, and there is no thiol in the 

product, different aqueous solvent systems would presumably affect any measured equilibrium 

values. Nitro groups are also more strongly electron withdrawing than a nitrile group, and our 

experiment held the pH constant at 7.4, which should increase kinetic rates. Given these three 

considerations, there is reasonable agreement between prior studies and this work. 

It should also be noted that at longer time scales the acceptor hydrolyzes along the double 

bond at the reactive site in a reversal of the Knoevenagel condensation reaction that adds the 

aromatic aldehyde. The PEG-CBCA hydrolyzes considerably faster than PEG-BCA 

(approximately 4 times faster, Figures S9 and S10), and the addition of a thiol that can compete 

with this hydrolysis significantly reduces the rate of hydrolysis, by factors of 3 and 4 in the case 

of PEG-CBCA or PEG-BCA, respectively (Figures S11 and S12). For PEG-CBCA conjugated to 

a thiol in pH 7.4 buffer, this translates to a stability half-life of 1.9 days. Interestingly, the half-life 



for conjugated PEG-BCA in pH 7.4 buffer was 12.7 days, a 6.6-fold difference. For this reason, 

we focused on bulk studies at much lower timescales to ensure our hydrogel measurements were 

not significantly impacted by hydrolysis. 

 

Kinetic Studies with β-Mercaptoethanol The increase in Keq for PEG-CBCA compared to 

PEG-BCA indicated that k1 was accelerated due to the nitrile substituent. We therefore 

determined the kinetic parameters by monitoring the decrease in conjugate acceptor absorbance 

upon introduction of β-mercaptoethanol over time and fitting these data to a 2nd order kinetic model 

that incorporates a 1st order reverse reaction (Equation S2). Similar to the equilibrium experiment 

discussed above, the formation of the thiol-ene bond breaks the conjugation of the acceptor, 

shifting the maximum absorbance of the product further away from 300 nm. Indeed, the 

absorbance of the PEG-CBCA decreased faster than that of the PEG-BCA upon addition of an 

equimolar amount of β-mercaptoethanol (Figure 2E). Due to the strong absorption of the 

reactants, we used low concentrations (20 μM) to stay within the UV/VIS detector range, which in 

turn yielded low conversions. However, we were still able to quantify the kinetic rate constants by 

calculating concentration via the Beer-Lambert law and fiting to a two-component addition 

reaction model (Equation S2) with the forward and reverse reaction rate constants as fitting 

parameters (Table 1). The addition of an electron withdrawing nitrile group on PEG-CBCA led to 

a 19-fold increase in k1 as compared to that of PEG-BCA: 5.0 x 102 ± 50 mol*L-1s-1 and 26 ± 1 

mol*L-1s-1, respectively. In contrast, the reverse reaction rate constant k-1 only increased by 

approximately 6-fold: 0.11 ± 0.007 s-1 for PEG-CBCA and 0.019 ± 0.0006 s-1 for PEG-BCA. The 

equilibrium constants calculated from these data were in excellent agreement with those provided 

by the equilibrium absorbance measurements. Overall, these results indicated the ability to 

preferentially tune k1 with a substituent in the para position of the benzalcyanoacetamide. 

 

 

 



Table 1. Rate Constants and Equilibrium Constants of Conjugate Acceptors.  

a Time resolved absorbance measurement 
b Equilibrium absorbance measurement 

All errors are one standard deviation of experiments ran in triplicate. 

 

Gelation and Mechanical Characterization of Hydrogels We next sought to investigate the 

impact of tuning the kinetic parameters on the bulk properties of hydrogels crosslinked with this 

reversible thia-benzalcyanoacetamide conjugate addition. To form hydrogels, 4-arm 20 kDa PEG-

BCA or PEG-CBCA was mixed with a stoichiometric amount of 4-arm 10 kDa PEG-thiol at a 

functional group concentration of 11.4 mM in water for a 10 wt% gel (Figure 3A). Gelation occurred 

within seconds, and was too rapid to determine gelation times via shear oscillatory rheometry 

(Figure 3B). To ensure proper mixing, the hydrogel was prepared by pipetting a solution of PEG-

 k1 (M-1s-1) k-1 (s-1) Keq
a  Keq

b  𝐺∞
′ (Pa) Crossover 

PEG-CBCA 5.0x102±50 0.11±0.007 4.4x103±400 4.1x103±600 7500 0.15 

PEG-BCA 26±1 0.019±0.0006 1.3x103±60 1.2x103±200 2100 0.09 

CBCA/BCA 19.2 5.8 3.4 3.4 3.6 1.7 

 

Figure 3. Hydrogel formation using two multi-arm PEG crosslinkers. (A) The reaction between the conjugate acceptor 

functionalized PEG and a 4-arm PEG-thiol. The substitution of the small molecule thiol for a multi-arm thiol creates a network 

when reacted. (B) Mixing the two precursor polymer solutions together creates a hydrogel. A cartoon schematic of an idealized 

network with the bonds in either a crosslinked or a non-crosslinked state demonstrates the dynamic network. 



thiol into a solution of the conjugate acceptor functionalized PEG. Due to fast gelation, the 

hydrogels were mixed post-gelation gently in situ. Because the crosslinks are dynamic, any 

defects created during this mixing were eliminated as the hydrogel healed. 

To characterize the viscoelastic nature of the hydrogels, both a frequency sweep and stress 

relaxation study were performed on a rheometer. The frequency sweep measures the shear 

storage (G’) and loss (G”) moduli of the hydrogels at variable frequencies, ranging from 0.01 to 

10 radians per seconds. Due to the dynamic nature of the crosslinks, the network can rearrange 

and alleviate network stress resulting from the applied shear forces. The frequency of rotation 

and bond kinetics both influence the measured storage and loss moduli. With a sufficiently low 

rotational frequency relative to the bond kinetics, the hydrogel can dissipate the majority of any 

accumulated shear stress, leading to a G” that is higher than G’. In this case, the hydrogel is 

acting as a viscous liquid rather than an elastic solid. At high rotational frequencies relative to the 

bond kinetics, the crosslinks do not have sufficient time to rearrange, and the hydrogel 

accumulates stress along the polymer chains. This leads to a G’ that is higher than G”, wherein 

the hydrogel acts as an elastic solid. Both the PEG-CBCA and PEG-BCA hydrogels exhibit this 

type of viscoelastic behavior (Figure 4A and B). Additionally, at sufficiently high frequencies (> 1 

rad/s), the plateau modulus (𝐺∞
′ ) is reached, which is the maximum storage modulus achievable 

for the network based on the crosslinking density (a function of the equilibrium constant of the 

crosslinking reaction). The PEG-CBCA gels reached a higher 𝐺∞
′

 of 7500 Pa as compared to that 

of the PEG-BCA gels at 2100 Pa (Table 1). As expected, the larger equilibrium constant for the 

CBCA conjugate acceptor led to a higher 𝐺∞
′ , as more crosslinks are present at any given time.  

The frequency sweep also provides insight to the bulk relaxation behavior of the hydrogel at 

the crossover point of G’ and G”. The crossover point can be used as a marker for transition from 

a viscous liquid to an elastic solid.  The faster rate kinetics for the PEG-CBCA hydrogels led to a 

slightly larger crossover point, 0.15 rad/s, compared to 0.09 rad/s for the PEG-BCA hydrogels. 

Compared to the larger difference in plateau modulus, the crossover points for the two hydrogels 



were more similar (~1.7 fold difference) 

(Table 1). This can be attributed to the 

smaller difference between the reverse 

rate constants, k-1, of the two molecules. 

Because stress is only alleviated when a 

crosslink is broken, and the transition 

between a viscous liquid and elastic solid 

depends on this breaking, the crossover 

point is directly related to the reverse 

bond kinetics. In summary, the relatively 

small increase in k-1 between PEG-BCA 

and PEG-CBCA correlates with the small 

difference in crossover point. 

To further probe the similarity in 

dissociation kinetics, a stress relaxation 

test was performed. During this 

experiment, the instrument rotates to a 

fixed strain and measures the shear 

stress over time. Due to the dynamic 

crosslinking in these hydrogels, the stress will spontaneously dissipate (Figure 4C). By fitting an 

exponential decay model to the data, a half-life of stress relaxation can be determined. In 

agreement with the crossover point data from the frequency sweep experiment, the PEG-CBCA 

hydrogels had a slightly faster half-life (4.4 seconds) than the PEG-BCA hydrogels (7.5 seconds). 

Again, the PEG-CBCA reaction has a higher k-1, which leads to the modest increase in relaxation 

for the PEG-CBCA hydrogel. Overall, the relaxation time-scales for these two molecules are on 

the same order of magnitude, which is in contrast to other reversible covalent crosslinks where 

 

Figure 4. Mechanical testing of both conjugate acceptors. PEG-BCA 

is in orange, and PEG-CBCA is in blue. (A) Schematic for the reaction 

between conjugate acceptor functionalized PEG and thiol 

functionalized PEG. (B) A frequency sweep of both conjugate 

acceptors. At sufficiently high frequencies (>1 rad/s), both networks 

behave as elastic solids, but PEG-CBCA shows a higher plateau 

modulus as a result of its larger equilibrium coefficient. The crossover 

point between G’ and G” for both molecules is around the same mark 

(~ 0.1 rad/s). (C) This shows the normalized stress relaxation of both 

molecules through time. When fit to an exponential decay model, the 

half-life for PEG-BCA was 7.5 seconds, and the half-life for PEG-

CBCA was 4.4 seconds.  



changes can lead to a difference of relaxation from seconds to hours.33 Taken together, these 

data show the ability to control 𝐺∞ 
′

 while maintaining similar stress relaxation, a property that may 

be useful in applications such as tissue engineering.  

 

Self-Healing Due to the continuous rearrangement of bonds, the synthesized hydrogels 

demonstrate self-healing behavior, where defects or cuts repair upon contact. Bonds on one side 

of the defect can separate, and re-form across the defect. Because the exchange kinetics for this 

thia-conjugate addition reaction are rapid, complete self-healing for this material occurs on the 

order of minutes. A qualitative example of this healing is shown in Figure 5A. Two hydrogels using 

the PEG-CBCA and PEG-thiol macromers were dyed with red and blue dyes, respectively. They 

were each cut in half and opposite sides were placed together. After one minute, the hydrogel 

 

Figure 5. Self-healing behavior of the hydrogels (A) Two hydrogels made with the PEG-CBCA molecule were dyed with red and 

blue food coloring. Each was cut in half and then matched to an opposing colored half. After one minute, the hydrogel healed the 

cut, and was able to be pulled without tearing. (B) A frequency sweep of the hydrogels before being cut, and after being self-

healed, shows that the mechanical properties are fully recovered. (C) The storage modulus is shown as a function of time in 

multiple strain regimes. Transitions between high strain regimes (yellow, 500%) and low strain regimes (red, 0.5%) while held at 

a constant frequency of 10 rad/s demonstrate the self-healing nature of the hydrogel. High strain ruptures the hydrogel leading to 

a sharp decrease in the storage modulus, while the storage modulus is recovered during the low strain regimes. 



had reformed across the cut into a continuous material, as demonstrated by the final image that 

shows the hydrogel stretching when pulled by forceps.  

Furthermore, the frequency-dependent shear moduli demonstrated excellent agreement for 

the pre-cut and post-cut hydrogels (Figure 5B).  In addition, exposure to repeated high and low 

strain (500% and 0.5%, respectively) oscillation tests further demonstrate the self-healing 

behavior (Figure 5C). Under regions of high strain (yellow highlighted regions), the hydrogel will 

tear, as demonstrated by the decrease in storage modulus. Subsequent low strain regions (red 

highlighted regions) allow for the hydrogel to self-heal, as indicated by the recovery of the storage 

modulus. Multiple trials demonstrate that this self-healing behavior is repeatable, and suggest 

utility for these materials in applications involving high strain such as 3D printing.  

Conclusions 

 

We have demonstrated that reversible thia-conjugate addition offers a highly tunable avenue 

for hydrogels crosslinked with reversible covalent bonds. The progressive synthesis of the PEG 

macromer enables easy access to benzalcyanoacetamides with various aromatic substituents, 

which allows for a modular synthesis that increases accessibility to a tunable range of molecular 

kinetics. In this work, we focused on a strong electron withdrawing group (nitrile, PEG-CBCA) 

and a neutral directing group (hydrogen, PEG-BCA) to probe the effect of bond exchange kinetics 

on hydrogel properties. As hypothesized, the strongly electron withdrawing group led to faster 

kinetics in the both the forward and reverse directions. More impactful, however, was that the 

forward rate constant increased by a factor of nearly twenty, while the reverse rate only increased 

by a factor of approximately six. When comparing the viscoelasticity of the resulting two 

hydrogels, those containing PEG-CBCA demonstrated a markedly higher plateau modulus, while 

the stress relaxation characteristics were more similar between the two hydrogels. These results 

demonstrate that tuning the individual kinetic rate constants for the reversible crosslinks in a 

polymer network enable decoupling of the resulting material mechanics. The additional kinetic 



control outlined in this work will enable the design of hydrogels with highly tailored moduli, stress 

relaxation, and self-healing behavior for applications in which dynamic properties are important. 
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