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35 Abstract

36 Poly(ethylene glycol) (PEG) hydrogels crosslinked by orthogonal thiol-norbornene click 

37 chemistry have emerged as an ideal platform for tissue engineering and drug delivery applications 

38 due to their rapid crosslinking kinetics and excellent biocompatibility. Norbornene-functionalized 

39 PEG (PEGNB) is routinely synthesized through the Steglich esterification of 5-norbornene-2-

40 carboxylic acid with hydroxyl-terminated PEG. When crosslinked with thiol-bearing macromers, 

41 PEGNB hydrogels undergo slow hydrolytic degradation due to hydrolysis of ester bonds 

42 connecting PEG backbone and NB moiety. In prior work, we replaced the pungent and nauseous 

43 5-norbornene-2-carboxylic acid with odorless carbic anhydride (CA) for synthesizing PEG-

44 norbornene. The new macromer, PEGNBCA, could be readily photo-crosslinked into thiol-

45 norbornene hydrogels with faster hydrolytic degradation than the PEGNB counterparts. In this 

46 contribution, we employed a modular approach to tune the hydrolytic degradation of PEGNBCA 

47 hydrogels over days to months. We first demonstrated the diverse crosslinking of PEGNBCA 

48 hydrogels using either photopolymerization or enzymatic crosslinking. We characterized the 

49 hydrolytic degradation of these hydrogels under different solution pH and temperature. Via 

50 adjusting crosslinker functionality and the ratio of fast-degrading PEGNBCA to slow-degrading 

51 PEGNB, tunable hydrolytic degradation of PEGNBCA hydrogels was achieved from under 2 days 

52 to over 3 months. Lastly, we designed the highly tunable PEGNBCA hydrogels with varying mesh 

53 sizes, degradation rates, and covalent tethering of degradable linkers to afford long-term 

54 controlled release of model drugs. 
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55 Introduction

56 Poly(ethylene glycol) (PEG)-based hydrogels are widely used in biomedical applications 

57 owing to their excellent biocompatibility and tunable, tissue-like elasticity.1 One of the PEG-based 

58 hydrogels widely adapted for biomedical applications is chain-polymerized PEG-diacrylate 

59 (PEGDA).1, 2 Despite its lengthy synthesis steps that require meticulous control of all reaction 

60 conditions, especially the slow addition of acryloyl chloride, PEGDA has found numerous 

61 biomedical applications as it is adaptable for various chemical modifications. However, chain-

62 growth polymerizations yield heterogeneous polymer networks and prolonged radical propagation 

63 that can damage the encapsulated biologics.1 Further, while the ester bond connecting PEG and 

64 acrylate group is hydrolytically labile, the high-molecular-weight poly(meth)acrylate kinetic chains 

65 in the chain-polymerized networks are hydrophobic and non-degradable, rendering the PEGDA 

66 hydrogels with extremely slow to no in vivo clearance.1 Structurally, chain-polymerized PEGDA 

67 hydrogels are mesoporous, with the ‘mesh size’ on the order of a few tens of nanometers.3 As 

68 such, the mobility of encapsulated macromolecules (e.g., large proteins, cells) is restricted unless 

69 the hydrogels are designed to undergo local or global degradation. In this regard, Hubbell et al. 

70 pioneered hydrolytically degradable PEG-based hydrogels via copolymerizing poly(lactic acid) 

71 (PLA) with PEG, followed by acrylation of the linear PLA-PEG-PLA copolymers.4 The resulting 

72 acryl-PLA-PEG-PLA-acryl macromers were crosslinked into covalent hydrogels with tunable 

73 degradation rate by adjusting the molecular weight of the PLA blocks.5

74 PEG-based hydrogels can also be crosslinked through step-growth polymerizations, such 

75 as the Michael addition reactions between multi-arm PEG derivatives (e.g., (meth)acrylate, 

76 vinylsulfone, maleimide) and thiol-bearing crosslinkers.2, 6-10 For example, the Hubbell group 

77 engineered PEG-based hydrogels by crosslinking multi-arm PEG-acrylate with bis-cysteine-

78 containing peptide linkers labile to matrix metalloproteinases (MMPs).6, 8 These hydrogels 

79 demonstrated high biocompatibility and enzymatic degradability and were used as carriers to 
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80 release recombinant human bone morphogenic protein (rhBMP2) for treating calvarial defects in 

81 rats. Metters and Hubbell demonstrated the predictable hydrolytic degradation of thioether-ester 

82 bonds in the Michael-type thiol-acrylate hydrogels,5 enabling sustained release of human growth 

83 hormone (hGH).7 The crosslinking of thiol-acrylate hydrogels was commonly accelerated by using 

84 base catalyst triethanolamine (TEOA)7 or initiated by light and photoinitiator.11, 12 While the 

85 network properties of Michael-type hydrogels can be pre-engineered, their crosslinking was not 

86 tunable after mixing the mutually reactive macromers. In contrast, radical-mediated step-growth 

87 photopolymerization offers unique advantages in creating a well-defined hydrogel network with 

88 mild and on-demand tunable gelation.13 For example, the Anseth group synthesized multi-arm 

89 PEG-norbornene (PEGNB) for forming thiol-norbornene photopolymerized hydrogels as a 

90 versatile synthetic extracellular matrix.14 Our group later characterized and modeled the hydrolytic 

91 degradability of PEGNB hydrogels under physiological conditions.15 We also engineered PEGNB 

92 hydrogels resistant to hydrolysis by replacing the ester group on 4-arm PEGNB with an amide 

93 bond.16 The Kloxin group explored PEGNB hydrogels for protein release, but no attempt was 

94 made to control hydrogel degradation.17 

95 While PEGNB has become increasingly used in hydrogel crosslinking, its organic 

96 synthesis was laborious, tedious, and required stringent containment effort. Conventionally, 

97 PEGNB was synthesized by Steglich esterification between the hydroxyl moiety on PEG 

98 macromer and the acid group on the pungent 5-norbornene-2-carboxylic acid using anhydrous 

99 dichloromethane (DCM) as the solvent.14 In this reaction, dicyclohexylcarbodiimide (DCC) is 

100 needed for activating 5-Norbornene-2-Carboxylic acid into norbornene anhydride, whereas 

101 dimethylaminopyridine (DMAP) is used as a nucleophilic catalyst for the esterification with 

102 norbornene anhydride. Efforts to improve the degree of norbornene substitution on PEG include: 

103 (1) Azeotropic distillation of bond water by reflux in anhydrous toluene, followed by rotary 

104 evaporation to remove toluene; (2) Blanking the reaction vessel with inert gas; (3) Multiple 
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105 additions of reactants; and (4) Small batch reaction (< 5g).18 Notably, hydrolytic degradation of 

106 PEGNB-crosslinked thiol-norbornene hydrogels was achieved without conjugating additional 

107 hydrolytically labile linker, owing to the hydrolytic susceptibility of ester on PEGNB.15 

108 To improve the efficiency of PEGNB synthesis, our lab developed an alternative synthesis 

109 route that replaced the pungent 5-norbornene-2-carboxylic acid with odorless carbic anhydride 

110 (CA) and used DMAP as the only catalyst.19 Compared with conventional methods using 5-

111 norbornene-2-carboxylic acid, the new CA method produced a similar norbornene substation but 

112 with reduced synthesis time (2 days) as no PEG distillation and norbornene acid activation steps 

113 were required. This new macromer, PEGNB-carboxylate (PEGNBCA), can be readily crosslinked 

114 into hydrogels via thiol-norbornene photo-click reaction19, 20 or norbornene-tetrazine inverse 

115 electron-demand Diels-Alder (iEDDA) click reaction.21, 22 Like PEGNB, the new PEGNBCA should 

116 be crosslinkable by enzyme-initiated thiol-norbornene click reaction.23 The use of enzymes to 

117 initiate hydrogel crosslinking may be more advantageous for some biomedical applications due 

118 to the specificity and tunability of the catalytic reaction.24, 25 However, enzyme-initiated PEGNBCA 

119 hydrogel crosslinking has not been demonstrated before. Nonetheless, we found that hydrogels 

120 crosslinked by PEGNBCA underwent accelerated hydrolytic degradation compared to those 

121 crosslinked by PEGNB. Specifically, the hydrolysis rate was approximately 5 times higher in 

122 PEGNBCA gels than in PEGNB gels with similar crosslinking density.19 

123 We reason that the accelerated hydrolytic degradation of PEGNBCA hydrogels could be 

124 leveraged to produce hydrogels with tunable degradation for controlled release applications. In 

125 this contribution, we investigated the gelation kinetics of ester-based PEGNB and PEGNBCA 

126 hydrogels with different thiol crosslinkers. From there, we characterized the subsequent hydrogel 

127 properties, including degradation over time under different conditions (e.g., pH of the buffer and 

128 incubation temperature). Hydrolytic degradation rate was further controlled via modular blending 

129 of PEGNB and PEGNBCA crosslinked by different thiol crosslinkers. Finally, we leveraged the 
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130 higher degradability of the ester bond on PEGNBCA for multi-modal release, including crosslinking 

131 gels with varying mesh size and degradation rate, and tethering of thiol-bearing drugs onto 

132 PEGNBCA for their degradation-controlled release.

133 Materials and Methods

134 Materials

135 8-arm hydroxyl-terminal PEG (PEG-OH, 10 kDa and 20 kDa) and 8-arm thiol-terminal 

136 PEG (PEG8SH, 10 kDa) were purchased from JenKem Technology. 4-arm thiol-terminal PEG 

137 (PEG4SH, 10 kDa) was purchased from Laysan Bio Inc. Dithiothreitol (DTT) was purchased from 

138 Fisher Scientific. Pyridine, anhydrous dichloromethane (DCM), and 1-(3-dimethylaminopropyl)3-

139 ethylcarbodiimide hydrochloride (EDC) were obtained from Thermo Scientific. 5-norbornene-2-

140 carboxylic acid, tetrahydrofuran (THF), 4-dimethylaminopyridine (DMAP), and N,N’-

141 dicyclohexylcarbodiimide (DCC), and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 

142 were purchased from Sigma-Aldrich. Carbic anhydride was purchased from Acros Organics. 

143 Phosphate buffered saline tablets were purchased from Fisher Scientific and prepared according 

144 to manufacturer’s recommendation. Fluorescein PEG thiol (MW 3400) was purchased from 

145 NANOCS. Bovine serum albumin was purchased from Fisher (Cytiva HyClone™ BSA) . Bradford 

146 reagent was purchased from Bio-Rad (Quick Start™ Bradford Protein Assay).

147 Macromer synthesis and purification

148 Synthesis of PEGNB: Before synthesis, PEG-OH was dried in vacuo under desiccant for 

149 at least 1 day. 8-arm PEGNB was synthesized according to previously established protocol.15, 18 

150 Briefly, dried PEG-OH was dissolved in toluene then heated to 115°C connected to a dean stark 

151 trap and condenser column to remove any excess water contained in the PEG polymer. After 

152 several hours of reflux, toluene was dried out using a rotary evaporator. PEG was solvated in 

153 dichloromethane (DCM) and purged with N2 gas. In a separate reaction vessel, norbornene acid 

154 (5 eq. relative to hydroxyl on PEG-OH) was reacted with 2.5 eq. DCC in anhydrous DCM for at 
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155 least 1 hour, followed by vacuum filtration using size 52 filter paper to remove the urea byproduct. 

156 The filtrate was transferred to an addition funnel where it was added dropwise to the reaction 

157 vessel containing dried PEG-OH in DCM. DMAP (1 eq.) and pyridine (5 eq.) were added to the 

158 reaction vessel and purged with N2 gas. After overnight reaction, a second addition of activated 

159 norbornene acid was added and allowed to react for an additional 24 hours. Synthesized PEGNB 

160 was precipitated using diethyl ether and dried in vacuo with desiccant for overnight, then dissolved 

161 in water and dialyzed for three days using 3.5 kDa MWCO dialysis tube. 

162 Synthesis of PEGNBCA: PEGNBCA was synthesized following a previous report.19 Briefly, 

163 PEG-OH was dried in vacuo, dissolved in tetrahydrofuran (THF), and heated to 60°C, followed by 

164 addition of carbic anhydride (5 eq.) and DMAP (1 eq.).19 After 24 hours of reaction, an additional 

165 5 eq. of carbic anhydride and 1 eq. DMAP were added to the reaction vessel for another overnight 

166 reaction. PEGNBCA was dialyzed in ethanol for 1 day and in water for 2 days using 3.5 kDa MWCO 

167 dialysis tubing. Both PEGNBCA and PEGNB were frozen at -80°C for several hours and placed on 

168 a Labconco freeze-dryer. Norbornene substitution of the synthesized polymers was determined 

169 using 1H NMR spectroscopy with deuterium oxide as the solvent comparing the protons 

170 associated with the alkene group on the norbornene to the protons on the PEG backbone.

171 Photocrosslinking of PEGNB or PEGNBCA via thiol-norbornene chemistry

172 PEGNB or PEGNBCA was crosslinked with DTT, PEG4SH, or PEG8SH at a stoichiometric 

173 ratio (i.e., R([SH]/[NB]=1) using 2 mM LAP and 365 nm light at 20 mW/cm2 intensity unless 

174 specified otherwise. A stoichiometric ratio was chosen to ensure the highest degree of step-

175 growth crosslinking, since previous studies have shown that off-stoichiometric ratio of thiol to 

176 norbornene led to dangling polymer chains that did not contribute to network crosslinking.15, 16, 18 

177 To prepare hydrogels, 45 μL of hydrogel precursor solution was deposited between two glass 

178 slides treated with hydrophobic windshield coating (i.e., Rainaway) separated by 1 mm Teflon 

179 spacers. The hydrogel precursor solution contained within the slide was placed under a 365 nm 
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180 light bar lamp for 2 minutes. Prior to measuring elastic and loss moduli (G’ & G’’), the hydrogels 

181 were incubated in pH 7.4 PBS at 37°C for at least one hour to ensure equilibrium swelling. Strain 

182 sweep (0.1 to 5.0% strain) tests were conducted using a Bohlin CVO digital rheometer fitted with 

183 an 8 mm diameter parallel geometry plate. The oscillating frequency was fixed at 1 Hz, which falls 

184 within the linear viscoelastic region (LVR). The gelation point was defined as the time required for 

185 the G’ to surpass the G’’ during in-situ photo-rheometry testing, which was conducted using an 

186 Anton-Paar MCR102 rheometer equipped with a UV-curing system fitted with a 25 mm parallel 

187 geometry plate. During the test, 200 μL of hydrogel precursor solution was deposited on the 

188 rheometer stage, and the plate was lowered to 0.300 mm in height. Time sweep test was then 

189 started with a fixed strain at 1% and frequency at 1 Hz over a five-minute period. After 30 seconds, 

190 the light (Omnicure S2000, fitted with a 365 nm light filter at 5 mW/cm2) was turned on for two 

191 minutes.

192  Enzymatic Crosslinking of PEGNBCA using HRP with thiol-based crosslinkers

193 Enzymatic crosslinking of PEGNBCA was conducted using horse radish peroxidase (HRP) 

194 with or without hydrogen peroxide (H2O2), which mediates thiyl radical formation then 

195 subsequently crosslinks to the vinyl bond on the norbornene functional group.23, 26 Unless 

196 specified otherwise, enzymatically crosslinked PEGNBCA hydrogels were fabricated using 20 

197 U/mL HRP and 100 μM of H2O2. For enzymatic crosslinking without H2O2, the concentration of 

198 HRP was increased to 1 kU/mL. For in situ rheology, the Anton Paar MCR102 rheometer was 

199 fitted with a peltier platform and a 25 mm parallel plate head with temperature set at 37°C. The 

200 hydrogel precursor solution was deposited on the stage followed by lowering the plate head to 

201 0.300 mm in height. Time sweep test was then started with a fixed strain at 1% and frequency at 

202 1 Hz over a 20-minute period with measurements being taken every 2 seconds. For hydrogel 

203 fabrication, the hydrogel precursor solution was placed between two glass slides treated with 

204 hydrophobic coating and separated by 1 mm teflon spacers. The slides containing the hydrogel 
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205 precursor solution were placed in a sealed container along with a petri dish of water to increase 

206 the humidity to prevent drying. The sealed container was placed in an incubator set at 37°C and 

207 allowed to react for 1 hour. Afterwards, hydrogels were swelled in pH 7.4 PBS and incubated at 

208 37°C unless specified otherwise.

209 Effect of temperature and pH on hydrolytic degradation of PEGNB or PEGNBCA hydrogels

210 PBS was prepared using tablets according to manufacturer’s recommendation. Without 

211 any addition of base or acid, the pH reading after preparation was 7.4, which was measured using 

212 a pH meter (Mettler Toledo). Using 1 N NaOH, the pH of the PBS was adjusted to 12 and by using 

213 1 N HCl, the pH of the PBS was adjusted to 3. 5 wt% PEGNBCA or PEGNB hydrogels crosslinked 

214 with PEG4SH at R=1 with 2 mM LAP were fabricated through 365 nm exposure at 20 mW/cm2 

215 for 2 minutes. Subsequently, the hydrogels were incubated in PBS with pH levels of 3, 7.4, or 12 

216 at 37°C. Strain sweep tests were conducted at corresponding time points to track the changes in 

217 G’ occurring over time. For temperature study, 5 wt% PEGNBCA crosslinked with PEG4SH at R=1 

218 was utilized and swelled in pH 7.4 PBS at either 37°C using an incubator or kept at room 

219 temperature (i.e., 25°C). The G’ of these hydrogels were measured at corresponding time points.

220 Effect of crosslinker functionality and polymer content on hydrolytic degradation

221 To assess the effect of macromer functionality and polymer content, PEGNBCA hydrogels 

222 were crosslinked at either 5 wt%, 10 wt%, or 20 wt% with either DTT, PEG4SH, or PEG8SH at 

223 R=1. The hydrogels were crosslinked using 365 nm light at 20 mW/cm2 using 2 mM LAP. Post-

224 crosslinking, the hydrogels were swelled in pH 7.4 PBS at 37°C. The G’ was measured at 

225 corresponding time points of the different hydrogel formulations using strain sweep test. The G’ 

226 values obtained over time were normalized to the G’ value obtained after 1 hour incubation in pH 

227 7.4 PBS at 37°C. The normalized G’ values were then fitted to exponential decay kinetics using 

228 Prism 10 software with the initial value set at 1 and the final plateau value fixed at 0 to indicated 

Page 9 of 31 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
8/

20
25

 2
:0

9:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TB01524C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01524c


10

229 complete degradation. From here, the khydrolysis value was derived from the fitting as well as the 

230 degradation half-times (t1/2).

231 In addition to G’, we assessed the hydrolytic degradation by measuring changes in the 

232 mass swelling ratio (Q) overtime. For this study, the volume of the initial hydrogel was increased 

233 to 100 μL and was prepared using water instead of PBS except for hydrogels crosslinked with 

234 DTT since gelation was not possible using water. Post-gelation, the hydrogels were dried en 

235 vacuo for at least 1 day. Once dried, the hydrogels were weighed using an analytical balance 

236 (Mettler Toledo) to obtain dried weight 1 (W1). The hydrogels were then swelled in distilled water 

237 overnight. The following day the hydrogels were dried en vacuo for at least one day and were 

238 subsequently weighed to obtain dried weight 2 (W2). The hydrogels were then swelled in pH 7.4 

239 PBS at 37°C and were weighed at corresponding timepoints to obtain the swollen mass (Ws). The 

240 equation below was utilized to obtain the mass swelling ratio.

241 𝑄 = 𝑊𝑠―𝑊2

𝑊2
    (1.1)

242 The mass swelling ratios obtained over time were normalized to the initial mass swelling ratio, 

243 which was obtained after 1 hour incubation at 37°C in pH 7.4 PBS. The values were then fitted 

244 using exponential growth using Prism 10 software with a fixed initial value of 1.

245 Tuning the hydrolytic degradation through PEGNBCA/PEGNB blended hydrogels

246 To tune the hydrolytic degradation of PEG thiol-norbornene crosslinked hydrogels, we 

247 blended PEGNBCA with PEGNB at different ratios. The total macromer concentration was fixed at 

248 10 wt%. The different ratios (wt% PEGNBCA/ wt% PEGNB) tested were 4/6, 6/4, 8/2, and 9/1. The 

249 different ratios of macromers were crosslinked with either DTT, PEG4SH, or PEG8SH. Hydrogels 

250 were stored under physiological conditions (i.e., pH 7.4 PBS at 37°C) for up to 150 days. During 

251 that time, changes in G’ were tracked. The G’ values were normalized to the initial values, which 

252 were obtained after 1 hour of swelling post gel fabrication. The normalized G’ values were fitted 

253 using exponential decay fitting, where the khydrolysis and degradation half-time (t1/2) were obtained.19 
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11

254 PEGNBCA based hydrogels for multi-modal release

255 For release studies, 5 wt% PEGNBCA (8-arm, 10 kDa) was crosslinked with PEG8SH at 

256 stoichiometric ratio unless otherwise noted. To evaluate pure diffusion-controlled release, three 

257 proteins of different sizes were chosen as model cargos: lysozyme (~14 kDa), bovine serum 

258 albumin (BSA, ~65 kDa), and bovine gamma globulin (BGG, ~150 kDa). All proteins were 

259 encapsulated in the hydrogels at a fixed concentration of 20 mg/mL. Protein-encapsulated 

260 hydrogels (50 μL) were incubated in 2 mL PBS at 37○C. At predetermined time points, 50 μL of 

261 solutions were collected and replaced with equal volume of protein-free PBS. Protein 

262 quantification was performed using protein assay kit (Bio-Rad Quick Start™) according to 

263 manufacturer’s recommendation without modification. The accumulated release amount was 

264 calculated by quantifying the concentration and amount of protein at the time of collection plus 

265 the amounts that were sampled in previous time points.

266 Large size fluorescein isothiocyanate-dextran (FITC-Dextran, 70 kDa or 150 kDa) were 

267 utilized for degradation-controlled release studies as these large molecules would be trapped in 

268 the hydrogels unless significant hydrogel degradation occurred. Unless specified otherwise, 

269 FITC-Dextran was encapsulated within the PEGNBCA or PEGNB crosslinked thiol-norbornene 

270 hydrogel at a concentration of 0.5 mg/mL. The hydrogel precursor solution containing FITC-

271 Dextran was pipetted in 100 μL increments into 4 separate 2 mL centrifuge tubes. The tubes were 

272 then exposed to 365 nm light for 2 minutes to induce gelation. Subsequently, the hydrogels were 

273 incubated with pH 7.4 PBS at 37°C. 200 μL aliquots were taken from the 2 mL tubes at different 

274 time points and placed into a 96-well black polystyrene plate, where the fluorescent intensity was 

275 measured (485 nm excitation and 528 nm emission) using a microplate reader (Biotek Synergy 

276 HT). After measuring, the aliquots were pipetted back into the 2 mL tubes. To recover 

277 fluorescence probe for calculating cumulative release, equivalent hydrogels formulations were 

278 degraded at 80°C (pH 12 for PEGNB hydrogels). If the hydrogel underwent complete degradation, 

279 the fluorescent intensities were normalized to that value. For fluorescently labeled dextran, values 
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280 were normalized to PEGNBCA control post-degradation, since the accelerated degradation 

281 reduced the fluorescent intensity of FITC-dextran. 

282 PEG conjugated with fluorescein containing thiol (FITC-PEG-SH, 3.4 kDa) was tethered 

283 onto norbornene pendants on PEGNB or PEGNBCA. The macromer content of PEGNB or 

284 PEGNBCA was fixed at 10 wt% and was crosslinked with PEG8SH at R=0.8. The hydrogel 

285 precursor solution also contained 2.5 mg/mL of PEG-fluorescein-SH and 2 mM LAP. The hydrogel 

286 precursor solution was pipetted into 50 μL increments into 2 mL centrifuge tubes and was 

287 crosslinked through 365 nm light exposure at 20 mW/cm2 for 2 minutes. The hydrogels were then 

288 incubated with 1 mL of PBS for 1 hour to remove any unconjugated FITC-PEG-SH. To measure 

289 conjugation efficiency, the PBS was removed and fluorescent intensity was measured and 

290 normalized to the unconjugated fluorescent dye at the same concentration. The hydrogels were 

291 incubated with pH 7.4 PBS at 37°C. Fluorescence was measured by pipetting 200 μL aliquots 

292 into a 96-well black polystyrene plate. The fluorescent intensity was measured using a microplate 

293 reader. The aliquots were pipetted back into the 2 mL centrifuge tubes. The fluorescent intensity 

294 was normalized to controls that underwent accelerated degradation.

295 Statistics/Software

296 All data is presented as the mean with error bars being standard error of the mean (SEM). 

297 For two conditions, unpaired t-test was performed with statistical significance having p<0.05. For 

298 two or more conditions, one-way or two-way ANOVA was performed using Tukey post-hoc test. 

299 Statistical significance between conditions is represented with p < 0.05 (* p < 0.05, ** p < 0.01, 

300 *** p < 0.001, and **** p < 0.0001). All statistical analysis and data fitting were conducted with 

301 GraphPad Prism 10. Initial constraints were placed on the model including Y0 was fixed to 1 and 

302 the plateau value was set to equal 0. The equation utilized on the Prism software is shown below.

303 𝑌 = (𝑌0 ― 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∗ 𝑒―𝑘ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠∗𝑥 + 𝑃𝑙𝑎𝑡𝑒𝑎𝑢

304 Where Y is the normalized G’ value, x is the time in terms of days, and khydrolysis is the rate of 

305 change in normalized G’ based upon hydrolytic degradation in units of inverse days (d-1). All 
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306 studies were performed with at least 3 replicates. Further, all chemical structures were drawn 

307 using Chemdraw.

308 Results & Discussion

309 Photopolymerization of PEGNB and PEGNBCA hydrogels

310 Norbornene-functionalized PEG can be synthesized by conjugating norbornene acid (NB) 

311 or carbic anhydride (CA) onto hydroxyl-terminal PEG, yielding PEGNB or PEGNBCA, respectively 

312 (Figure 1A). Previous work has shown that both PEGNB and PEGNBCA could be crosslinked into 

313 thiol-norbornene hydrogels using DTT as a crosslinker under 365 nm light with LAP as the 

314 photoinitiator.19 In this study, we achieved high norbornene substitutions (>90%) for 8-arm 

315 PEGNBCA with two molecular weights: 10 kDa and 20 kDa (Figure S1). We varied hydrogel 

316 network connectivity using thiol-based crosslinkers with different functionalities (f), including DTT 

317 (f=2), PEG-tetra-thiol (PEG4SH, f=4), and PEG-octa-thiol (PEG8SH, f=8) (Figure 1B). Thiol-

318 norbornene photo-click gelation (Figure 1C) was characterized using in situ photo-rheometry 

319 (Figure 1D-E), with gel point defined as the time when storage modulus (G’) surpassing loss 

320 modulus (G”) (Figure S2) on the photo-rheometry plots. At a low LAP concentration of 2 mM and 

321 a low 365 nm light intensity of 2 mW/cm2, gel points were reached in under ~11.3 s, 10.5 s, and 

322 7 s for 20 kDa PEGNB gels crosslinked with f = 2, 4, and 8, respectively (Figure S2). For 

323 PEGNBCA, the three gel points identified were faster for all three thiol-crosslinkers, at ~6.3 s, 9 s, 

324 and 3.5 s (Figure S2). Decreasing LAP concentrations from 2 mM to 0.125 mM led to slower gel 

325 point of ~35 s (Figure 1F). The correlation between LAP concentration and gel point could be 

326 modeled through one-phase decay fitting, with R2 greater than 0.95 for both PEGNB and 

327 PEGNBCA. Higher crosslinker functionality led to substantially stiffer hydrogels, with PEG8SH 

328 crosslinked gels reaching ~120 kPa for PEGNB and ~70 kPa for PEGNBCA (Figure 1G). Gelation 

329 of 10 kDa PEGNBCA was equally efficient as that in 20 kDa macromer, with gel points falling under 

330 6 seconds for all three thiol crosslinkers (Figure S3). However, hydrogels crosslinked by 10 kDa 
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331 PEGNBCA were significantly stiffer than those crosslinked by 20 kDa counterpart (1.5-fold to 2-

332 fold higher in G’. Figure 1H), which was attributed to the higher norbornene molarity at the same 

333 macromer weight content (i.e., 5 wt%). 

334
335 Figure 1. Photocrosslinking of PEGNB and PEGNBCA with different thiol-bearing 
336 macromers. (A) Schematics of PEGNB and PEGNBCA synthesis. (B) Chemical structures of thiol-
337 bearing crosslinkers with different functionality (2, 4, and 8 for DTT, PEG4SH, and PEG8SH, 
338 respectively). (C) Schematic of light and radical-mediated thiol-norbornene photopolymerization. 
339 (D, E) In situ photo-rheometry of gelation using (D) PEGNB or (E) PEGNBCA (both at 5 wt%) with 
340 different thiol crosslinkers at a stoichiometric ratio of thiol to norbornene. 365 nm light at 2 
341 mW/cm2. (F) Effect of LAP concentration on gel points, which were identified from in situ photo-
342 rheometry using 5 wt% PEGNB or PEGNBCA with PEG4SH at a stoichiometric ratio (R) of thiol 
343 and norbornene under 365 nm light at 3 mW/cm2. Symbols: experimental data; Curves: one-
344 phase exponential decay fitting. (G) Initial elastic shear moduli of 5 wt% PEGNB or PEGNBCA 
345 crosslinked with different thiol crosslinker at R=1. All PEGNB variants in (D-G) were 8-arm and 
346 20 kDa. (H) Initial elastic shear moduli of 5 wt% PEGNBCA (8-arm, 10 kDa or 20 kDa) crosslinked 
347 with either PEG4SH or PEG8SH at R=1.
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348

349 The high efficiency of step-growth thiol-norbornene gelation was further affirmed by 

350 comparing the gel point of chain-growth gelation of PEGDA, with was 4-fold slower (i.e., 20 

351 seconds) using 2.2 mM LAP and a higher light intensity (365 nm light at 10 mW/cm2).27 Higher 

352 LAP concentrations generated higher radical concentrations at the on-set of photocrosslinking, 

353 resulting in faster gelation.27, 28  The effects of polymer functionality and molecular weights on 

354 hydrogel crosslinking density and stiffness have been described by the rubber elasticity theory, 

355 where the elastic modulus is proportional to polymer functionality and inversely proportional to 

356 the distance between crosslinks.29, 30 However, we noticed that PEGNBCA hydrogels consistently 

357 have significantly lower G’ than the equivalent PEGNB hydrogels (Figure 1G). Interestingly, 

358 PEGNBCA hydrogels had similar or higher gel fractions and significantly higher mass swelling 

359 ratios compared with the equivalent PEGNB hydrogels (Figure S4), indicating that the lower 

360 stiffness of PEGNBCA hydrogels was not due to inefficient crosslinking but could be attributed to 

361 higher water absorbability due to the charged NBCA moieties.31 Additionally, we found that 

362 photoinitiator LAP only impacted the crosslinking density and elastic moduli of PEGNBCA 

363 hydrogels (crosslinked with PEG4SH) at concentrations lower than 0.5 mM (Figure S5). LAP 

364 concentration beyond 0.5 mM (ca. 0.0147 wt%) resulted in no significant changes in G’, 

365 highlighting the efficient thiol-norbornene photocrosslinking of PEGNBCA hydrogels.28

366

367 Enzymatic Crosslinking of PEGNBCA hydrogels

368 While light and radical-mediated thiol-norbornene hydrogel crosslinking provides many 

369 benefits, this gelation mechanism cannot be readily adopted in the clinics for minimally invasive 

370 hydrogel delivery where the desired in vivo location is deeper than subcutaneous sites. Thus, 

371 developing light-independent gelation is essential for injectable and minimally invasive hydrogel 

372 delivery in vivo. To this end, we have shown that thiol-norbornene click-reaction can be initiated 

373 by HRP in the presence or absence of exogenous H2O2.23, 26 Similar to the HRP-mediated thiol-
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374 crosslinking of PEGNB hydrogels, we found that PEGNBCA could also undergo enzymatic 

375 crosslinking with thiol-crosslinker (Figure 2A).26 Interestingly, gelation with PEGNBCA was one 

376 order of magnitude faster than that with PEGNB at 05 kU/mL HRP and in the absence of H2O2 

377 (gel point of 2.2 min and 18.5 min for PEGNBCA and PEGNB, respectively. Figure 2B). Unlike 

378 photocrosslinking, HRP-mediated gelation in the absence of exogenous H2O2 was slower to reach 

379 plateau moduli, with G’ reaching ~1.2 kPa, ~3 kPa, and ~ 5 kPa after 5, 10, and 20 minutes, 

380 respectively (Figure S6). This could be explained by the multi-step process of HRP-initiated 

381 gelation, where HRP self-oxidation produced endogenous H2O2 to catalyze the generation of thiyl 

382 radicals from thiol-crosslinkers that eventually reacted with PEGNBCA.26 In the absence of 

383 exogenous H2O2, gelation could be significantly accelerated by increasing HRP concentration to 

384 1 kU/mL (Figure 2C, 2D).26 

385 While HRP alone at high concentration (e.g., 1 kU/mL) could induce rapid thiol-norbornene 

386 gelation of PEGNBCA (gel point ~0.5 minute. Figure 2D), high enzyme concentration is not 

387 desirable due to cost and cytotoxicity concern. As addition of H2O2 has been shown to drastically 

388 accelerate HRP-mediated crosslinking of phenol-rich polymers32, 33 and thiol-norbornene 

389 hydrogels,23, 26 we reduce HRP concentration to 10 U/mL while adding a small amount of H2O2 

390 (25 to 75 μM). At a low HRP concentration of 10 U/mL and 25 μM H2O2, PEGNBCA hydrogel 

391 crosslinking occurred in 12.5 minutes (Figure 2E, S7). However, increasing H2O2 concentration 

392 led to significant acceleration of gelation, with a gel point of under 0.8 and 0.1 minute for 50 µM 

393 and 75 µM H2O2, respectively. Additionally, enzymatically crosslinked PEGNBCA hydrogels could 

394 be fabricated to exhibit high elastic moduli, from 20 kPa to nearly 100 kPa (Figure 2F). 

395 Interestingly, enzymatically crosslinked PEGNBCA hydrogels were softer than their light-

396 crosslinked equivalents (Figure 2G). This was likely due to lower gel fraction (~0.8) of the 

397 enzymatically crosslinked hydrogels compared with the photopolymerized counterparts (~0.98. 

398 Figure S8). Of note, a gel fraction of 0.8 (i.e., 80% of polymer chains participated in the 

399 crosslinking) was still high but nonetheless creates room for improvement in the future. It is also 
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400 worth noting that both HRP and H2O2 were added at concentrations well below what were used 

401 previously for thiol-norbornene hydrogel crosslinking.23, 26 When comparing hydrogels formed by 

402 the same HRP-mediated crosslinking, PEGNBCA gelation was more effective than PEGNB 

403 (Figure 2B). It is likely that the additional carboxylic acid on PEGNBCA decreased the local pH 

404 value around the norbornene groups, creating a slightly acidic local environment that enhanced 

405 HRP catalytic activity, which has been shown to be optimum at around pH 6.5.34 

406

407

408 Figure 2. Enzymatic Crosslinking of PEGNBCA hydrogels. (A) Picture of an inverted vial 
409 containing a gel formed by 5 wt% 8-arm PEGNBCA (10 kDa), PEG8SH (at R=1), and 0.5 kU/mL 
410 HRP (no exogenous H2O2). (B) Gel point derived from in situ rheometry data shown in Figure 
411 S6A. (C) In situ rheometry of enzymatic crosslinking of 5 wt% PEGNBCA (8-arm, 20 kDa) under 
412 different concentrations of HRP with no exogenous H2O2. (D) Gel points identified from Figure 
413 2C. (E) Effect of exogenous H2O2 concentration on gel points of PEGNBCA gels crosslinked by 10 
414 U/mL HRP. (F) Effect of PEGNBCA (8-arm, 20 kDa) concentration of hydrogel moduli. Hydrogels 
415 were crosslinked by PEG8SH at R=1 with 20 U/mL HRP and 0.1 mM H2O2. (G) Effect of 
416 crosslinking mechanism on moduli 10 wt% PEGNBCA hydrogels (8-arm, 20 kDa). Hydrogels were 
417 crosslinked by PEG8SH at R=1 through either light-mediated (2 mM LAP, 20 mW/cm2 at 365 nm) 
418 or enzymatic reaction (20 U/mL HRP and 0.1 mM H2O2).

419
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420 Hydrolytic degradation of PEGNBCA Hydrogels – Effect of pH, temperature, and crosslinking 

421 method

422 Prior work has demonstrated accelerated hydrolytic degradation of PEGNBCA thiol-

423 norbornene hydrogels compared with their PEGNB counterparts (Figure 3A).19 However, no 

424 detailed characterization was conducted to evaluate the factors affecting hydrolytic degradation 

425 of PEGNBCA hydrogels. In this work, we compared the hydrolytic degradation of PEGNB and 

426 PEGNBCA hydrogels in PBS of various pH values – 3 (acidic), 7.4 (physiological), or 12 (basic). 

427 Prior to degradation, G’0 values of all hydrogels were measured and the ratio of G’ at any given 

428 time over G’0 was used as a measure of hydrogel degradation. We found that, at pH 12, PEGNB 

429 hydrogels degraded rapidly, with complete degradation occurring within 1.5 hours with a 

430 hydrolysis reaction constant of 195.3 d-1 (Figure 3B, Table S1).35 In contrast, much slower 

431 hydrolysis was observed in PEGNB hydrogels incubated in pH 7.4 or pH 3 buffer solutions, with 

432 approximately 40% reduction of their initial moduli over 28-day and a hydrolysis reaction constant 

433 of 0.01636 d-1 at pH 7.4 and 0.01755 at pH 3 (Figure 3B, Table S1). These results aligned with 

434 previous finding that thiol-norbornene hydrogels crosslinked by PEGNB were highly susceptible 

435 to enhanced hydrolytic degradation in basic solution (e.g., pH 12).19, 35 Hydrogel degradation was 

436 caused by hydrolysis of ester bonds connecting PEG backbone and norbornene group, which is 

437 known to be accelerated by base-catalyzed nucleophilic acyl substitution of a hydroxide ion (-OH) 

438 to the ester's carbonyl carbon. This reaction creates a tetrahedral intermediate that breaks down 

439 immediately, releasing an alcohol group and a carboxylic acid group. Interestingly, the equivalent 

440 PEGNBCA hydrogels all underwent complete degradation around 21 days, independent of the pH 

441 level in which the hydrogels were incubated (Figure 3C, Table S2). PEGNBCA contains an extra 

442 carboxylic acid group, which may provide additional buffering effects to reduce the impact of base-

443 catalyzed hydrolysis, leading to pH-independent degradation kinetics. 
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444 Next, the effect of solution temperature (25°C vs. 37°C) on the rate of degradation was 

445 evaluated. At 37°C, PEGNBCA hydrogels underwent complete degradation after 21 days (Figure 

446 3D). Degradation was slower at 25°C, with only about 20% drop in initial elastic moduli over the 

447 same period, and complete gel degradation did not occur before ending the study at day-80 

448 (Figure 3D). When fitted with one phase decay fitting, we observed that the derived khydrolysis 

449 constant was 10 times slower at 25°C than at 37°C (Table S3). Previous studies have shown that 

450 free radical polymerized PEGDA hydrogels underwent enhanced hydrolytic degradation at higher 

451 temperatures, with reaction/degradation rate described by the classical Arrhenius equation.36 Our 

452 results showed that PEGNBCA hydrogels were much more sensitive to temperature change with 

453 regard to hydrolysis kinetics than what was previously observed in PEGDA hydrogels.36 The 

454 higher sensitivity could result from lower network connectivity at crosslinking sites for step-growth 

455 polymerized hydrogels compared to hydrogels crosslinked via chain growth polymerization.37 

456 Lastly, the effect of crosslinking method (i.e., photopolymerization or enzymatic 

457 crosslinking) on PEGNBCA hydrogels degradation was compared. PEGNBCA hydrogels were 

458 crosslinked with PEG8SH either through LAP-mediated photopolymerization (2 mM LAP with 2-

459 minute light exposure of 365 nm light at 20 mW/cm2) or HRP-mediated enzymatic crosslinking 

460 (20 U/mL HRP and 0.1 mM H2O2 reacted at 37°C). The ratio of G’ at any given time over G’0 was 

461 used as a measure of hydrogel degradation so the difference in initial hydrogel crosslinking was 

462 not factored into the degradation analysis. Regardless of the crosslinking method, PEGNBCA 

463 hydrogels from both groups had nearly identical hydrolysis kinetics and completely degraded after 

464 approximately 42 days (Figure 3E, Table S4). This was most likely because the hydrogels were 

465 still crosslinked via the same thioether bond regardless of the crosslinking mechanism.
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466
467 Figure 3. Hydrolytic degradation of PEGNBCA hydrogels. (A) Reaction schematic of PEGNB 
468 or PEGNBCA crosslinked with thiol macromer undergoing hydrolysis. (B-C) Changes in normalized 
469 G’ of 5 wt% (B) PEGNB or (C) PEGNBCA (8-arm, 20 kDa) crosslinked with PEG4SH at R=1 
470 incubated with PBS at different pH levels. (D) Changes in normalized G’ of 5 wt% PEGNBCA (8-
471 arm, 20 kDa) crosslinked with PEG4SH at R=1 incubated with pH 7.4 PBS at 25°C or 37°C over 
472 time. (E) Changes in normalized G’ of 10 wt% PEGNBCA (8-arm, 20 kDa) crosslinked with 
473 PEG8SH at R=1. Light based crosslinking occurred using 2 mM LAP with exposure time set at 2 
474 minutes at 20 mW/cm2. Enzymatic crosslinking occurred in the presence of 20 U/mL of HRP and 
475 0.1 mM H2O2. Symbols: experimental data; Curves: one-phase exponential decay fitting. 

476

477 Hydrolytic degradation of PEGNBCA Hydrogels – Effect of macromer parameters

478 As temperature, but not pH nor crosslinking method, plays a prominent role in dictating 

479 the hydrolysis kinetics of PEGNBCA thiol-norbornene hydrogels, all subsequent degradation 

480 studies were performed using photopolymerized hydrogels kept at 37°C and pH 7.4 PBS. Prior 

481 work on thiol-norbornene and tetrazine-norbornene PEG-based hydrogels showed that gels 

482 crosslinked by higher macromer content degraded slower.21, 22 In order to evaluate the effect of 

483 macromer content on hydrolytic degradation, PEGNBCA hydrogels were formulated into three 

484 macromer weight percentages (5 wt%, 10 wt%, and 20 wt%) and crosslinked by thiol-bearing 

485 macromers with different functionalities (f = 2, 4, and 8).15 Hydrogels were substantially stiffer 
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486 when crosslinked with higher macromer contents and with higher crosslinker functionality (Figure 

487 S9). The moduli of these PEGNBCA hydrogels spanned across a wide range of physiologically 

488 relevant range (G’ ~2 kPa to ~120 kPa).38 When bi-functional DTT was used as the crosslinker, 

489 all hydrogels had similarly high gel fraction (>0.95, Figure S10A), as well as comparable mass 

490 swelling ratio (Figure S10B) and mesh size (Figure S10C). For PEG-based thiol crosslinkers 

491 (PEG4SH and PEG8SH), all hydrogels still exhibited high gel fraction (>0.95, Figure S11A), but 

492 there was an inverse trend between PEGNBCA weight content and mass swelling ratios (Figure 

493 S11B) and calculated mesh size (Figure S11C). The differences in swelling and mesh size were 

494 likely caused by increased water infiltration into the hydrogels at higher content of PEG-based 

495 thiol-crosslinkers. Interestingly, even with these differences, PEGNBCA hydrogels degraded at 

496 similar rates independent of the macromer content for all three thiol crosslinkers (Figure 4A). 

497 Furthermore, the degradation of PEGNBCA hydrogels followed pseudo-first order kinetics and 

498 displayed high degree fitting to exponential decay (Figure 4A).19, 39 Higher crosslinker functionality 

499 drastically delayed hydrolysis kinetics (Figure 4A, Table S5). For example, at 5 wt% PEGNBCA 

500 crosslinked with DTT, PEG4SH, or PEG8SH at R=1, the khydrolysis values were 0.3874 d-1, 0.1812 

501 d-1, and 0.07567 d-1, respectively (Table S5), indicating that adjusting crosslinker functionality, 

502 rather than macromer content, would be a more effective way of tuning degradation of these 

503 hydrogels. As a comparison, we evaluated the degradation of conventional PEGNB hydrogels 

504 crosslinked with DTT, PEG4SH, or PEG8SH via tracking their moduli (Figure S12A). As 

505 anticipated, PEGNB hydrogels degraded substantially slower than their PEGNBCA counterpart but 

506 generally displayed the same pseudo-first-order degradation kinetics, although all gels remained 

507 intact after 200 days. Similar to PEGNBCA gels, the degradation of PEGNB gels was faster when 

508 crosslinked by DTT or PEG4SH (Figure S12B). 

509 We further explored other design parameters that may impact hydrolytic degradation time, 

510 such as the stoichiometric ratio of thiol-to-norbornene (i.e., R = 0.6 to 1). In general, hydrogels 
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511 crosslinked with lower R values were softer (Figure S13A) and degraded slightly faster (Figure 

512 S13B, 13C). Another parameter that may impact hydrolysis kinetics of PEGNBCA hydrogels was 

513 the molecular weights of PEGNBCA (e.g., 10 kDa vs. 20 kDa). For 10 kDa PEGNBCA crosslinked 

514 by PEG4SH, the hydrolysis kinetics were nearly twice as slow as that of the 20 kDa PEGNBCA 

515 counterparts (Figure S14A), with complete degradation time of 15 days to 35 days for 20 kDa 

516 and 10 kDa PEGNBCA. This could be explained by the difference in crosslinking density produced 

517 by 10 kDa macromer, which had twice the NB molarity to that of 20 kDa macromer. When 

518 crosslinked with PEG8SH, which led to stiffer hydrogels, the difference in degradation rate was 

519 less pronounced (Figure S14B). Nonetheless, these gels degraded slower than those crosslinked 

520 by PEG4SH, with complete degradation time falling between 42 to 50 days.  

521
522 Figure 4. Effect of macromer content and thiol-crosslinker functionality on hydrolytic 
523 degradation of PEGNBCA hydrogels. (A) Normalized changes in G’ or (B) mass swelling ratio 
524 over time of PEGNBCA at different macromer concentrations, specifically 5 wt%, 10 wt%, or 20 
525 wt%, crosslinked with either DTT, PEG4SH, or PEG8SH at R=1 incubated in pH 7.4 PBS at 37°C. 
526 Symbols: experimental data; Curves: one-phase exponential decay fitting.   

527
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528 Hydrolytic degradation of PEGNBCA Hydrogels – Combinatorial effect of crosslinker functionality 

529 and macromer degradability

530 The combination/blending of fast-degrading PEGNBCA and slow-degrading PEGNB 

531 offered an opportunity to engineer PEG-based hydrogels with programmable hydrolytic 

532 degradation. This approach differs from previous chemical strategies that sought to develop 

533 norbornene moieties with different hydrolytic susceptibility, which often require advanced 

534 chemical synthetic skills.40 The crosslinking of blended macromers with different thiol crosslinkers 

535 also afforded a simple yet robust method to tune the hydrolytic degradation. To this end, we 

536 modularly blended PEGNBCA with PEGNB at different weight ratios (i.e., 4/6, 6/4, 8/2, and 9/1, 

537 where the numbers indicate the wt% of PEGNBCA and PEGNB, respectively). For all three thiol 

538 crosslinkers (DTT, PEG4SH, and PEG8SH), higher PEGNB content led to stiffer gels (Figure 

539 5A), agreeing with previous observation that pure PEGNBCA gels were softer than pure PEGNB 

540 gels (Figure 1G). However, through modularly blending fast-degrading PEGNBCA with slow-

541 degrading PEGNB, the hydrolytic degradation time was extended from ~49 days (in pure 

542 PEGNBCA gels, Figure 4) to over 150 days and beyond (Figure 5B). Additionally, a wide range 

543 of hydrolytic degradation times was achieved through a combinatorial approach of adjusting thiol 

544 crosslinker functionality (i.e., f = 2, 4, or 8) and polymer weight ratio. The degradation half-time, 

545 defined as the time required to reach half the initial modulus, varied from less than 2 days to over 

546 86 days (Figure 5C-D). Overall, this combinatorial approach of thiol crosslinker functionality and 

547 blended PEGNBCA/PEGNB weight ratio was successful in tuning the hydrolytic degradation over 

548 a wide period of time. Future studies could explore the development of generalized mathematical 

549 models to predict and validate the effect of various parameters on PEGNBCA hydrogel 

550 degradation.41  
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551
552 Figure 5. Blending PEGNBCA and PEGNB together to control the rate of degradation using 
553 different thiol crosslinkers. (A) Initial G’ (B) changes in normalized G’ of blended hydrogels 
554 crosslinked with DTT, PEG4SH, or PEG8SH. Hydrogels had a fixed total PEGNB/PEGNBCA (8-
555 arm, 20 kDa) concentration of 10 wt% and was crosslinked at R=1. Hydrogels were incubated at 
556 37°C and swelled in pH 7.4 PBS. Symbols: experimental data; Curves: one-phase exponential 
557 decay fitting. (C) Degradation half-times and (D) khydrolysis constants derived from one-phase decay 
558 fittings of the changes in G’ of the PEGNBCA/PEGNB blended hydrogels over time. 

559

560 Multi-Modal Controlled Release

561 The high tunability of PEGNBCA hydrogel crosslinking and degradation warrants its use in 

562 controlled release applications. The release of hydrogel-encapsulated cargos can be adjusted 

563 through many mechanisms, including: (1) diffusion-controlled, with release governed by cargo 
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564 size; (2) degradation-controlled, with release determined by network connectivity; and (3) 

565 diffusion-reaction-controlled, with release controlled by degradation and subsequent diffusion of 

566 the molecular tether (Figure 6A). The adaptability of PEGNBCA hydrogels in multi-modal 

567 controlled release was first evaluated by diffusion-control release using proteins of three sizes: 

568 lysozyme (~14 kDa), BSA (~65 kDa), and BGG (~150 kDa) (Figure 6B). The smallest protein 

569 lysozyme diffused out of the 5 wt% PEGNBCA hydrogels rapidly, depleting all releasable protein 

570 within hours after the on-set of the release study. In contrast, the release of medium-size protein 

571 BSA exhibited a bi-phasic profile, with ~30% of burst release in the first 2 hours, followed by a 

572 more linear release profile until depleting the releasable protein after 18 days. Finally, the release 

573 of the largest protein BGG also exhibited an initial burst of ~20% but no substantial release was 

574 detected following the initial burst. The differences in the three release profiles can be explained 

575 by the relative sizes of proteins to the mesh size of the hydrogels used (5 wt% 8-arm PEGNBCA 

576 + PEG4SH). As shown in Figure S14B, the calculated mesh sizes of the hydrogels used in the 

577 diffusion-controlled release study were between ~15 to ~22 nm. The diameter (2x hydrodynamic 

578 radius) of lysozyme, BSA, and BGG was approximately ~4 nm,42 ~8 nm,43 and ~10.5 nm,44 

579 respectively. It can be reasonably expected that the release would be reduced as the size of 

580 diffusants approaches the mesh size of the hydrogel. One interesting phenomenon was that only 

581 about 22% BGG was released from the hydrogel at the end of the 18-day release study when the 

582 hydrogels were nearly completely degraded (Figure 4A). We reason that some non-specific 

583 protein-polymer conjugation might occur between PEGNBCA and BGG during the radical mediated 

584 thiol-norbornene gel crosslinking. As BGG is an immunoglobulin containing multiple inter-chain 

585 and intra-domain disulfide bonds, radicals generated during hydrogel crosslinking may attack 

586 some of these disulfide bonds,45 causing its conjugation/immobilization in the thiol-norbornene 

587 hydrogel network, hence reducing the amount of total releasable proteins.       

588 To demonstrate degradation-controlled release, we fabricated hydrogels with 10 wt% 8-

589 arm PEGNBCA and PEG8SH, which yielded mesh sizes of ~10 nm to 13 nm (data not shown). 
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590 We chose FITC-dextran of 70 kDa (dia. ~9 nm) and 150 kDa (dia. ~12 nm) as the model drugs 

591 for their larger size and easy fluorescence detection.46 As the relative sizes of FITC-dextran and 

592 mesh sizes approached one, no significant burst release was found and the cumulative release 

593 profiles approached zeroth-order (i.e., release was linear and release rate was time-independent) 

594 (Figure 6C), suggesting a degradation-controlled release.3 We further tested the release of 70 

595 kDa FITC-dextran from hydrogels crosslinked at 2.5 wt%, 5 wt%, and 10 wt% (Figure S15).39 

596 Since hydrogels crosslinked by lower weight contents had larger mesh size,39, 47 higher burst 

597 release was observed but these formulations also support higher cumulative release than the 

598 highly crosslinked hydrogels.3, 48 

599 After demonstrating that PEGNBCA hydrogels could be utilized for controlled release of 

600 high molecular weight cargos, we tested if this hydrogel system could be engineered to release 

601 smaller molecular weight model drugs. However, since simple encapsulation was ineffective in 

602 retaining and controlling the release of small size cargos (lysozyme in Figure 6B), we used 3.4 

603 kDa FITC-PEG-SH as a small size model drug to test whether it could be tethered to the hydrogel 

604 network for degradation controlled release.9, 49 We used the slow-degrading PEGNB hydrogels 

605 as a control to evaluate the difference in hydrolysis kinetics on the liberation of covalently tethered 

606 model drug. 3.4 kDa FITC-PEG-SH (dia. <3 nm) was conjugated onto either PEGNBCA or PEGNB 

607 during thiol-norbornene hydrogel crosslinking with similar conjugation efficiency (Figure S16). An 

608 off-stoichiometric thiol/norbornene ratio of 0.8 was used to accommodate the conjugation of 

609 pendant FITC-PEG-SH. The immobilization of FITC-PEG-SH was visualized and verified via 

610 fluorescence imaging (Figure S17A) and intensity quantification (Figure S17B). FITC-PEG-SH 

611 tethered to slow-degrading PEGNB showed low level (<10%) of release after 35 days. In contrast, 

612 near-linear release was found when conjugating to the fast-degrading PEGNBCA (Figure 6D). 

613 This was a degradation-controlled release as 3.4 kDa FITC-PEG-SH has a hydrodynamic 

614 diameter (less than 3 nm per Sigma-Aldrich) much smaller than the mesh size of the hydrogels 

615 used here. Its release was essentially determined by the hydrolytic degradation of ester bond 
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616 linking the drug and the PEG backbone (Figure 6A). The ability of conventional PEGNB to release 

617 tethered FITC-PEG-SH was limited due to the slow hydrolysis kinetics of conventional PEGNB. 

618 Through these proof-of-concept release studies, we established PEGNBCA hydrogels as a 

619 versatile platform for multi-modal controlled release applications. Potential future applications of 

620 PEGNBCA hydrogels in drug delivery space include the formulation of highly crosslinked hydrogels 

621 with tunable hydrolysis rate (via altering PEG molecular weight or architecture) for degradation-

622 controlled release of large proteins/antibodies. On the other hand, small molecules can be 

623 released from highly swollen PEGNBCA hydrogels via covalent tethering as long as the drug 

624 contains free thiol group. Lastly, as shown in our previous work, hydrogels crosslinked by 

625 PEGNBCA were highly cytocompatible for even highly sensitive induced pluripotent stem cells,19, 

626 21, 22, 50 enabling the design of cell-laden hydrogels with controlled release capability to guide stem 

627 cell morphogenesis.

628
629 Figure 6. Controlled release using PEGNB or PEGNBCA thiol-norbornene crosslinked 
630 hydrogels. (A) Graphic representing different release strategies using this hydrogel system. (B) 
631 Release of lysozyme, BSA, or BGG at 20 mg/mL from 5 wt% PEGNBCA (8-arm, 10 kDa) 
632 hydrogels. (C) Release of 70 kDa or 150 kDa FITC-Dextran from 10 wt% PEGNBCA (8-arm, 10 
633 kDa) hydrogels crosslinked by PEG4SH. (D) Release of PEG-fluorescein-SH (3.4 kDa) 
634 conjugated onto 10 wt% PEGNB or PEGNBCA (8-arm, 10 kDa) R=0.8 with PEG8SH.
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635 Conclusion

636 In summary, we demonstrated that PEGNBCA supported rapid gelation with thiol-bearing 

637 crosslinker through light- or enzyme-mediated thiol-norbornene click reaction. We discovered that 

638 the hydrolytic degradation of PEGNBCA hydrogels was pH-independent but temperature-

639 dependent, with higher temperatures accelerating hydrolysis. We systematically characterized 

640 the hydrolytic degradation of PEGNBCA hydrogels and developed a simple PEGNBCA/PEGNB 

641 blending method to tune the degradation without going through additional chemical synthesis. 

642 Lastly, this hydrogel system was utilized for multi-modal release of model cargos with different 

643 sizes and loading methods (i.e., diffusion-controlled, degradation-controlled release of large 

644 molecules, and degradation-controlled release of small tethered molecules). Due to the highly 

645 tunable hydrolysis kinetics and the ability to release drug cargo in a controlled release manner, 

646 we believe that this hydrogel system will be valuable in the fields of tissue engineering and drug 

647 delivery. 
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The data supporting this article have been included as part of the Supplementary 
Information.
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