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Abstract

Numerous chemical modifications of hyaluronic acid (HA) have been explored for the formation 

of degradable hydrogels that are suitable for a variety of biomedical applications, including 

biofabrication and drug delivery. Thiol-ene step-growth chemistry is of particular interest due to 

its lower oxygen sensitivity and ability to precisely tune mechanical properties. Here, we utilize an 

aqueous esterification route via reaction with carbic anhydride to synthesize norbornene-modified 

HA (NorHACA) that is amenable to thiol-ene crosslinking to form hydrolytically unstable 

networks. NorHACA is first synthesized with varying degrees of modification (~15–100%) by 

adjusting the ratio of reactive carbic anhydride to HA. Thereafter, NorHACA is reacted with 

dithiol crosslinker in the presence of visible light and photoinitiator to form hydrogels within 

tens of seconds. Unlike conventional NorHA, NorHACA hydrogels are highly susceptible to 

hydrolytic degradation through enhanced ester hydrolysis. Both the mechanical properties and the 

degradation timescales of NorHACA hydrogels are tuned via macromer concentration and/or the 

degree of modification. Moreover, the degradation behavior of NorHACA hydrogels is validated 

through a statistical-co-kinetic model of ester hydrolysis. The rapid degradation of NorHACA 

hydrogels can be adjusted by incorporating small amounts of slowly degrading NorHA macromer 

into the network. Further, NorHACA hydrogels are implemented as digital light processing (DLP) 

resins to fabricate hydrolytically degradable scaffolds with complex, macroporous structures 

that can incorporate cell adhesive sites for cell attachment and proliferation after fabrication. 

Additionally, DLP bioprinting of NorHACA hydrogels to form cell-laden constructs with 
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high viability is demonstrated, making them useful for applications in tissue engineering and 

regenerative medicine.
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1. INTRODUCTION

Hydrogels have gained significant attention in biomedical research, particularly due to 

their ability to recapitulate properties of native tissue and cellular microenvironments1 and 

to encapsulate therapeutics for delivery to diseased tissues or to modulate the behavior 

of encapsulated cells.2 Hydrogels with controlled and predictable degradation behaviors 

are especially desirable for biomedical applications. For example, degradable hydrogels 

have been employed as delivery vehicles in cell-based therapies for the repair of damaged 

tissues, as surgical adhesives, and as implants to recruit and stimulate endogenous cells in 

regenerative medicine.3,4

To control the degradation of hydrogels, the crosslinking chemistry employed and the 

extent of crosslinking may be varied.4 As an example, physically crosslinked hydrogels 

erode through disruption of the intermolecular interactions involved in crosslinks (e.g., 

disruption of ionic bonds in Ca2+-crosslinked alginate hydrogels in the presence of calcium 

chelating compounds).5 In contrast, covalently crosslinked hydrogels are typically degraded 

by cleavage of the network backbone or crosslinks, with degradation induced through 

exposure to light,6,7 enzyme activity,8-11 environmental stimuli (pH,12 temperature13), or 

hydrolysis.14-16 Enzymatic degradation of hydrogels is highly dependent on the local 

environment since the local enzyme concentration and activity can appreciably influence 

degradation kinetics. Conversely, hydrolytically degradable hydrogels may be engineered 

with degradation timescales that are defined a priori by the network hydrophilicity, structure, 
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and crosslink density. Therefore, hydrolytically degradable hydrogels are of special interest 

in biomedical applications where precise degradation timescales are desired.

Hyaluronic acid (HA) is a naturally occurring glycosaminoglycan that is found in the 

extracellular matrix of many tissues and that has been used extensively in clinical 

products.17 HA consists of alternating d-glucuronic acid and N-acetyl-d-glucosamine 

units and is rapidly turned over in the body via hyaluronidases.18 HA macromers with 

hydrolytically sensitive functional groups have been previously synthesized for use as tissue 

engineering scaffolds, including with the incorporation of caprolactone or lactic acid units 

between the HA backbone and reactive groups (i.e., methacrylate).19,20 However, these 

macromers are often crosslinked via free radical crosslinking. In contrast, macromers that 

undergo step-growth crosslinking (e.g., thiol-ene reaction) can offer more precise control 

over mechanical properties by simply altering the ratio of thiols to norbornenes;21 however, 

there are few current options available towards this. Recently, polymer modifications been 

performed with carbic anhydride to functionalize norbornene groups for downstream thiol-

ene crosslinking.16,22-25 Modification with carbic anhydride results in the conjugation of 

norbornenes with an additional carboxylic acid group, which significantly increases the 

overall hydrophilicity of the pendant norbornene to accelerate the hydrolysis of ester bonds 

found between the norbornene and the macromer backbone.

In the context of this study, HA is modified with pendant norbornene groups via reaction 

with carbic anhydride (NorHACA) to form hydrolytically degradable step-growth hydrogels. 

Thorough experimental characterization of degradation and mechanics, as well as the 

implementation of a model to relate the stochastic degradation of NorHACA crosslinks to 

macroscopic hydrogel properties over time, are undertaken to better understand NorHACA 

hydrogels. Additionally, the fabrication of macroporous NorHACA scaffolds is introduced 

via digital light processing (DLP) of these reactive resins. Despite significant recent 

advances in additive manufacturing, the 3D printing of hydrolytically degradable hydrogels 

with DLP remains limited and only a few examples exist (Table S1).

2. MATERIALS AND METHODS

2.1. Macromer synthesis and characterization:

All chemicals were obtained from Millipore-Sigma unless stated otherwise. Sodium 

hyaluronate (HA, average mol. wt. = 88 kDa, Lot #028842, ENG-00200) was obtained 

from Lifecore Biomedical (USA).

To synthesize norbornene-modified HA via reaction with carbic anhydride (NorHACA), HA 

(3.4 g) was first dissolved in deionized water (0.2 L) on ice at 0° C. Depending on the 

desired degree of modification, carbic anhydride (4.18 – 27.9 g, 20 equivalents) was then 

added to the solution and the pH was maintained at 8.5-9.5 throughout the 4-5 h reaction via 

dropwise addition of sodium hydroxide (1 N, NaOH), and then the reaction was continued 

overnight. In case of solid impurities or unreacted CA, the solution was centrifuged, and 

the supernatant was then transferred to dialysis tubing (Spectra Por, 6-8 kDa cutoff) and 

dialyzed against deionized water for 3 days, frozen at −80° C, and lyophilized. Dry polymer 

was stored under inert nitrogen at −20° C. To obtain NorHACA with varying degrees of 
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modification, the amount of carbic anhydride was adjusted accordingly. To determine the 

degree of modification of HA, lyophilized macromer (10 mg) was dissolved in deuterium 

oxide (D2O, 1 mL) and characterized using 1H-NMR spectroscopy (Bruker Neo400 360 

MHz) (Figure S1). Modification of HA with pendant norbornene groups was determined by 

integration of vinyl protons (2H, δ ~ 5.8 to 6.2 ppm) relative to the methyl group on HA 

(δ ~ 1.8 to 2.2 ppm, 3H). Additionally, the presence of peaks corresponding to norbornene 

functional groups (alkene and bridge protons) and absence of impurities was confirmed by 

comparing 1H-NMR spectra of NorHACA (product) with unmodified HA and CA (reactants) 

(Figure S2).

Norbornene-modified HA (NorHA) without the additional carboxylic acid group was 

synthesized as previously described via di-tert-butyl dicarbonate (Boc2O) coupling of 5-

norbornene-2-carboxylic acid to the pendant alcohols of HA.21 First, HA was converted 

into its tetrabutylammonium salt form (HA-TBA) by mixing aqueous solution of HA (5 

g) with Dowex 50Wx200 proton exchange resin (15 g) for 30 minutes, filtering the resin, 

and titrating the filtrate with tetrabutylammonium hydroxide (0.2 M) solution to a pH of 

7.02–7.05. HA-TBA solution was then frozen and lyophilized. Next, HA-TBA (3.5 g) was 

dissolved in anhydrous dimethyl sulfoxide (DMSO, ~0.25 L) along with 5-norbornene-2-

carboxylic acid (1.7 mL) and 4-(dimethylamino)pyridine (0.85 g) under inert nitrogen at 45° 

C. After complete dissolution, Boc2O (0.6 mL) was added and the reaction was allowed 

to proceed for 20 h. Thereafter, the reaction was quenched with cold deionized water. The 

solution was then dialyzed for 14 days, frozen, lyophilized, and stored under nitrogen at −20 

°C and characterized with 1H-NMR to determine the extent of norbornene modification of 

HA. To determine zeta potential, all macromers (10 mg) were dissolved in ultrapure distilled 

water (1 mL) and measurements were obtained at 25 °C using disposable DTS1070 capillary 

cells on a Zetasizer Nano (Malvern Instruments).

2.2. Hydrogel Fabrication and Mechanical Testing:

NorHACA or NorHA (1 – 5 wt.%) were dissolved in Dulbecco’s (1×) phosphate buffered 

saline (PBS) along with photoinitiator (lithium phenyl-2,4,6-trimethylbenzoylphosphinate, 

LAP, 1.7 mM, Colorado Photopolymer Solutions, USA) and crosslinker (dithiothreitol, 

DTT, 2 – 48 mM, 1:1 thiol:norbornene ratio) to form precursor solutions. All precursor 

solutions were vortexed, cast into molds, and crosslinked in the presence of visible light 

(5 min, 10 mW cm−2, Exfo Omnicure Vis S1000 lamp, 400-500 nm filter). Rheological 

characterization was performed on an AR2000 stress-controlled rheometer (TA Instruments) 

fitted with a 20 mm diameter parallel plate geometry and 100 μm gap. The gelation 

kinetics were obtained through time sweeps (0.5% strain, 1 Hz, time to gel point defined 

as the crossover between storage modulus, G′, and loss modulus, G″) in the presence of 

visible light. Hydrogels were cast into 4.5 mm diameter cylindrical discs for compression 

testing (Q800 DMA, TA Instruments, 0.2 N min−1 force ramp). Compressive moduli were 

determined from the linear elastic region (10-20% strain) of the stress-strain curves.

2.3. Characterization of hydrogel degradation behavior:

Hydrogels (4.5 mm diameter discs) were immersed in PBS (1 mL) at 37° C until the 

complete degradation of the hydrogel (i.e., reverse gelation) was observed. Throughout the 
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incubation time course, the supernatant was collected periodically and replaced with fresh 

PBS. The supernatant was frozen at −80° C until analysis for uronic acid content. For 

NorHA hydrogel samples that did not undergo complete reverse gelation, hyaluronidase 

(750–3000 U mL−1) was added to the solution to induce complete degradation on the last 

day of incubation (to identify the total amount of uronic acid incorporated and released 

within each respective hydrogel formulation). Uronic acid content was determined following 

a previously reported 96-well based protocol.26 Briefly, supernatant samples for each time 

point (50 μL) were mixed with 25 mM sodium tetraborate in sulfuric acid (200 μL) and 

incubated at 100 °C for 10 min. After cooling to room temperature, 0.125% carbazole in 

ethanol (50 μL) was added to each sample well and heated at 100 °C for 10 min. The 

absorbance of samples was recorded at 550 nm on a Tecan Infinite M200 spectrometer, with 

a four-parameter sigmoidal regression used to fit generated standard curves (concentrations 

ranging from 0 – 1 mg mL−1 HA).

In addition to uronic acid release, the compressive moduli (described above) and the wet 

weight of the swollen gels were recorded at regular intervals. Day 0 refers to the timepoint 

at which compressive moduli and mass of the hydrogel were measured immediately after 

crosslinking. Mass swelling ratios (Qm) were calculated as the ratio of the swollen gel mass 

(ms) to that of dry polymer after lyophilization (md).27 To characterize cumulative release 

of proteins, bovine serum albumin (BSA, 10 mg mL−1) or lysozyme (5 mg mL−1) were 

encapsulated within hydrogels incubated in PBS at 37 °C, and the supernatant was collected 

regularly. Protein release was detected over time using the Pierce™ BCA Protein Assay 

Kit (Thermo Fisher Scientific) in accordance with the manufacturer’s protocol. Briefly, 

supernatant samples for each time point (25 μL) were mixed with working reagent (200 μL, 

50:1 BCA Reagent A:B) in a 96-well plate and incubated at 37 °C for 30 min. After cooling 

to room temperature, sample absorbance was recorded at 562 nm on a Tecan Infinite M200 

spectrometer, with a four-parameter sigmoidal regression used to fit generated standard 

curves with concentrations ranging between 0 – 2 mg mL−1 BSA.

2.4. Modeling of hydrogel degradation behavior:

A custom MATLAB script was developed using an object-oriented programming approach 

to simulate the random degradation of crosslinks within NorHACA hydrogels. The model 

is based on a previously reported stochastic model that describes the hydrolysis of thiol-

ene crosslinked dextran hydrogels.28 Briefly, an array of crosslinkable ‘nodes’ was first 

constructed based on input macromer properties and hydrogel formulation, where each 

column (n) represents an individual polymer chain (n=1000 polymer chains simulated per 

each modeled network) and each row (m) corresponds to a discrete norbornene group 

attached to the polymer chain backbone, such that an index (xn,m) was assigned to every 

norbornene actively forming a crosslink within the network. Model inputs included the 

macromer concentration, macromer molecular weight, repeat unit molecular weight, the 

degree of polymer chain backbone modification, and the hydrogel volume, all of which 

informed the total number of crosslinks incorporated into the simulated network. Within 

each simulated network, the number of degraded crosslinks was monitored as a function 

of time. As a result, the average number of active functional groups participating within 

crosslinks was determined and thereafter related to macroscopic hydrogel properties of 
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interest, including mass swelling ratios and compressive moduli. Please refer to Supporting 

Information for additional methods.

2.5. DLP-based 3D printing and patterning:

NorHACA resin was composed of NorHACA macromer (5 wt.%, 40% mod.), LAP (17 

mM), DTT (24 mM) and tartrazine photoabsorber (1 mM). To identify the optimal printing 

conditions (i.e., to obtain a working curve), NorHACA resins with different concentrations 

of incorporated tartrazine (0.5–1 mM) were exposed to a range of irradiation doses (varied 

exposure times, intensity = 15 mW cm−2) and the thicknesses of the resultant crosslinked 

films were measured using calipers. 3D printing was then performed on a Lumen Alpha 

DLP bioprinter (Volumetric Inc., USA) as previously described.29,30 Briefly, the resin 

was added into the vat, the build platform was lowered (30 mm min−1) into the resin 

bath, and construct layers were then crosslinked sequentially with light exposure (6 s, 

15 mW cm−2, 100 μm step size). DLP-based 3D printing of a resin composed of mixed 

NorHACA (4.5 wt.%, 40% mod.) and NorHA (0.5 wt.%, 30% mod.) was conducted in a 

similar manner with 6 s of light exposure for each layer, whereas 3 s of light exposure 

was chosen for NorHA (5 wt.%, 30% mod.) resin alone. Post-printing, printed hydrogel 

constructs were removed from the build platform, washed with PBS to remove excess 

or uncured resin, immersed in a PBS solution containing LAP (17 mM) and DTT (15 

mM), and post-cured with visible light exposure (10 mW cm−2, Exfo Omnicure Vis 

S1000 lamp, 400-500 nm filter, 5 min, with constructs flipped after 2.5 min of curing). 

CAD models were either designed in Fusion 360 (Autodesk, USA) or downloaded from 

online repositories (NIH 3D print exchange and MakerBot Thingiverse). For maskless 

patterning, pre-formed hydrogel films or 3D-printed hydrogels (with off-stoichiometric 

thiol-norbornene consumption) were soaked in 0.1 mM fluorescent thiol (GCDDD-Fluor; N-

terminal fluorophore – 5-carboxyfluorescein, Genscript) solution for 30 minutes followed by 

light exposure (8 s, 15 mW cm−2, 405 nm) on the DLP printer. Following light illumination, 

the hydrogels were washed, soaked in PBS overnight at 4 °C on a shaker to remove excess/

unconjugated fluorescent thiol, and imaged on a confocal microscope.

2.6. Imaging and Visualization of Printed Constructs:

0.5 mg mL−1 of rhodamine-labeled dextran (500 kDa) or FITC-labeled dextran (2 MDa) 

was added to the hydrogel precursor before DLP-based 3D printing. Images of hydrogel 

constructs (in air) were then acquired with a Sony Alpha 7R3 camera. Macroscopic 

fluorescent images were acquired on a wide-field microscope (Axio Zoom V.16, Zeiss, 

Germany) and z-stack (5-20 μm step size) fluorescence scans were acquired on a confocal 

microscope (Leica SP5). Images were then pseudo-colored and brightness/contrast adjusted 

for 3D visualization using ImageJ (NIH).

2.7. Cell Culture, Seeding, Encapsulation and Visualization:

Bovine bone marrow-derived mesenchymal stromal cells (bMSCs) were isolated from 

a juvenile bovine knee joint (Research 87 Inc., USA) and used for all experiments. 

Cell culture media was comprised of high-glucose Dulbecco's modified Eagle's medium 

(DMEM, 1×) supplemented with 10% v/v fetal bovine serum and 1% v/v penicillin–

streptomycin. For cell seeding experiments, hydrogel specimens were prepared (cast or 
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3D printed) as described earlier (with 2 mM thiolated RGD, GCGYGRGDSPG, Genscript), 

washed with PBS, and sterilized with germicidal UV lamp for 1 h. Cells (p1) were seeded 

(density: 7500 cells cm−2) on hydrogels and cultured at 37 °C in a 5% CO2 incubator 

for up to a week with media replaced every other day. Cells were fixed with neutral 

buffered formalin (10% v/v), permeabilized with Triton X-100 (0.1% v/v), and stained 

with fluorescein-conjugated phalloidin (1:500; Thermo Fisher Scientific) and Hoechst 33342 

(1:1000; Thermo Fisher Scientific) to visualize F-actin and nuclei, respectively.

For cell encapsulation experiments, NorHACA or NorHA macromers were sterilized under 

germicidal lamp for 1 h and then dissolved in a sterile solution of PBS, LAP (1.7 mM), 

DTT, and RGD (2 mM). Cells (p1-p2) were washed, trypsinized, mixed with precursor 

solution at a cell density of 5 × 106 cells mL−1 and cast into hydrogels with visible light 

exposure (3 min, 10 mW cm−2, Exfo Omnicure Vis S1000 lamp, 400-500 nm filter). For 

bioprinting studies, NorHACA precursor solution containing cells (density: 2 × 106 cells 

mL−1) and photoabsorber (tartrazine, 1 mM) was dispensed onto a sterile vat and 3D printed 

as described earlier. Post-printing or casting, the hydrogels were washed thoroughly with 

warm cell-culture media and incubated (37 °C, 5% CO2) for up to 7 days with media 

replaced every other day. To assess viability, cell-laden gels were incubated with calcein AM 

(2 μM) and ethidium homodimer-1 (4 μM) at 37 °C for 30 minutes following manufacturer’s 

protocol (Live/Dead™ Cytotoxicity Kit, Thermo Fisher Scientific). Z-stack images were 

acquired on a Nikon Eclipse Ti2 with AXR scanner confocal microscope equipped with a 2× 

or 20× immersion objective lens. Cell number was calculated based on the total number of 

nuclei (binary mask, Otsu threshold) from maximum projection images analyzed on ImageJ 

(NIH). Cell viability was calculated as the number of live cells divided by the total number 

of cells within a single image maximum projection image. Images were pseudo-colored and 

brightness/contrast adjusted for 3D visualization.

2.8. Statistical Analysis:

All data are reported as mean ± standard deviation with n ≥ 3. All statistics were conducted 

using Prism 9 (GraphPad Inc., USA). Comparisons between two experimental groups were 

performed using two-tailed t-tests (α = 0.05, significance determined at p < 0.05) and 

comparisons between more than two groups were performed using a one-way analysis of 

variance (ANOVA) with post hoc Tukey’s multiple comparison test.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of NorHACA Hydrogels.

HA is modified with norbornene functional groups via esterification with carbic anhydride 

(CA) to synthesize the macromer NorHACA. The esterification reaction occurs between 

the primary alcohol group on the HA backbone and anhydride, resulting in an additional 

carboxylic acid group on the conjugated, pendant norbornene moiety (Figure 1a). Contrary 

to traditional synthesis routes for NorHA, which require the formation of an intermediate 

HA-TBA salt and the use of organic solvents, this synthesis is a one-step reaction that 

proceeds under aqueous conditions, thereby reducing the total time required for macromer 

synthesis (Figure 1). Based on previous studies, we believe that the additional carboxylic 
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acid group incorporated with this synthesis approach increases the susceptibility of the ester 

group to hydrolysis.16,31 Importantly, the degree of modification can be easily controlled by 

varying the molar ratio of CA to overall HA repeat units in the reaction, yielding NorHACA 

macromers with ~15 to 100% degree of modification as verified through 1H-NMR (Figures 

1b, S1). The zeta potential of these synthesized NorHACA macromers varies with degree of 

modification ranging from −38.6 ± 3.5 mV (15% mod.) to −52.4 ± 4.3 mV (100% mod.) 

(Figure S3). This decrease in charge with increase in the degree of modification is expected 

given the increase in the carboxylic acid group on norbornenes would increase the negative 

charge to NorHACA. Similar to traditional NorHA hydrogels, NorHACA can be crosslinked 

into a covalent network via a thiol-ene step growth reaction in the presence of photoinitiator 

(lithium phenyl-2,4,6-trimethylbenzoylphosphinate, LAP), crosslinker (dithiothreitol, DTT), 

and visible light (400 – 500 nm) (Figure 1c).

We verify the thiol-ene crosslinking of NorHACA hydrogels (1:1 stoichiometric ratio of 

thiol to norbornene) via oscillatory shear rheology with light exposure. Low viscosity 

NorHACA precursor solution transitions into a crosslinked network (storage modulus, G′ 
> loss modulus, G″) upon exposure to light within seconds or tens of seconds (Figure 2a-c). 

This is seen across all NorHACA formulations independent of the macromer concentration 

(i.e., 1, 3, 5 wt.%) or the degree of norbornene modification (i.e., 15, 40, 100%). The storage 

and loss moduli of NorHACA hydrogels generally increase with macromer concentration due 

to the associated increases in reactive norbornene concentration, resulting in storage moduli 

ranging from 0.18 ± 0.06 to 36.53 ± 4.62 kPa (Figure 2d,e, Figure S4). Similarly, this also 

results in faster photo-gelation kinetics, as evidenced by the decrease in time to gel point 

(characterized as the crossover between G′ and G″) across macromer concentrations at a 

fixed degree of NorHACA modification (Figure 2f). Overall, the time to gelation ranged 

from 11 to 28 seconds for the various formulations investigated.

Next, we characterize the hydrolytic stability of NorHACA hydrogels incubated in phosphate 

buffered saline (PBS) at 37 °C. To investigate the degradation of NorHACA hydrogels, we 

quantify the release of uronic acid from the hydrogel, as well as changes in the compressive 

modulus, mass swelling ratio, and polymer content over time (Figure 3, Figure S5). Rapid 

degradation is observed across all NorHACA formulations, with reverse gelation occurring 

between 3 to 14 days. Consistent with the enhanced mechanical properties observed via 

rheological characterization (Figure 2), higher macromer concentrations (at a fixed degree of 

modification) or higher degrees of modification (at a fixed polymer concentration) result 

in NorHACA hydrogels that remain for longer periods prior to degradation; this may 

be attributed to the corresponding increases in the network crosslinking densities within 

hydrogels. Further, it is important to note that at a fixed macromer concentration, an increase 

in the degree of modification results in a subsequent increase in the norbornene functional 

group concentration. At low macromer concentrations, network defects are more likely 

to arise for macromers with high degree of substitution than those with lower, resulting 

in comparable mechanical properties. Such network defects combined with the higher 

hydrophilicity likely contributes to faster degradation of NorHACA (1 wt.%, 100% mod.) 

hydrogels as compared to NorHACA (1 wt.%, 40% mod.).
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Across all of the investigated hydrogel formulations, degradation is evidenced by gradual 

increases in uronic acid release and marked reductions in the compressive modulus over 

time. For instance, NorHACA (5 wt.%, 40% mod.) hydrogels exhibit decreased compressive 

moduli from 74.2 ± 2.1 kPa to 1.2 ± 0.5 kPa over 8 days, with the hydrogel losing 

shape fidelity by day 9 and completely degrading by day 12. In agreement with the 

observed decrease in compressive moduli, the swelling ratios of NorHACA hydrogels 

increased with time. For example, the swelling ratio of NorHACA (5 wt.%, 40% mod.) 

hydrogels increased from 16.1 ± 2.8 to 46.3 ± 10.2 over the same 8-day period, likely due 

to an increase in the mesh size of the network as a result of degradation and reduced 

crosslinking. The morphology of hydrogels is relatively uniform in the swollen state 

during degradation (Figure S6). Interestingly, we note that the hydrolysis of NorHACA 

is temperature dependent, which provides important insight towards storage of these 

hydrolytically degradable hydrogels (Figure S7). It is also important to note that the 

degradation of NorHACA hydrogels in vivo would also be controlled by hyaluronidases, 

in addition to hydrolysis. Depending on the concentration of hyaluronidase, NorHACA (5 

wt.%, 40% mod.) hydrogels undergo complete degradation between 3 to 12 days (Figure 

S8). To avoid confounding effects of enzyme activity and hydrolysis, the present study is 

focused on understanding the hydrolytic stability of NorHACA hydrogels, however, future 

studies are warranted to systematically study the role of hyaluronidase in degradation of 

NorHACA hydrogels for specific applications.

3.2. Modeling and Tuning the Degradation of NorHACA Hydrogels.

Several theoretical models have been previously developed to describe the bulk degradation 

of hydrogels crosslinked via free radical crosslinking,32-34 step-growth crosslinking,35,36 

and mixed modes of crosslinking (i.e., concurrent radical and step-growth crosslinking).37 

However, many of the models that characterize the degradation of step-growth hydrogels 

involve hydrogels composed of small molecule monomers and/or multi-arm macromers 

with a fixed number of functional groups, resulting in relatively ideal network structures.35 

In contrast, the step-growth crosslinking of long NorHACA macromers may exhibit 

a distribution of molecular weights or degrees of modification, which could result 

in random network architectures with variable mesh sizes throughout the hydrogel. 

Statistical-co-kinetic models have been previously developed and combined with Monte 

Carlo simulations to recapitulate the random and differential hydrolysis of crosslinks.28 

Moreover, the averaging of these random and discrete events at the microscale may provide 

insights into the network mesh size of the hydrogel over time. Building from this prior 

work, we develop a model that simulates the stochastic degradation of crosslinks in 

NorHACA hydrogels to determine theoretical degradation rate constants (k) for investigated 

hydrogel formulations. Model simulations are iteratively performed across randomly 

generated network architectures to identify degradation rate constants that best corroborate 

experimental mass swelling ratios and compressive moduli (Figure 4). Generally, increasing 

the macromer concentration or the degree of modification used for NorHACA hydrogel 

formation results in lower theoretical degradation rate constants (Table S2). While the 

model validates the observed degradation behavior of investigated NorHACA hydrogels, 

as indicated by simulated mass swelling profiles (Figure S9), all of the investigated 

hydrogel formulations degrade within a few days to weeks. Differences in theoretical 
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and experimental degradation behavior exist and can be attributed to several simplifying 

assumptions (e.g., neglecting the molecular weight dispersity of macromers or the effect of 

changing carboxylic acid group density with degree of modification that can influence the 

rate of hydrolysis).

Longer degradation timescales are often desirable for applications such as tissue engineering 

scaffolds, where the rate of hydrogel degradation must be more selectively balanced 

with the rate of repair tissue formation.38 To further tune and extend the degradation 

timescales of NorHACA hydrogels, we next fabricate hydrogels from both degradable 

(NorHACA) and non-degradable (NorHA) macromers (Figure 5a). NorHA macromer is 

synthesized as previously described to modify the primary alcohols of HA with norbornene 

function groups.21 Unlike NorHACA, the pendant norbornenes on NorHA lack an additional 

carboxylic acid group. As a result, hydrogels formed from solely NorHA macromer are 

much more stable in PBS at 37 °C, as evidenced by the minimal amount of uronic acid 

released (~3%) and the minimal amount of swelling observed after 28 days (Figure 5b, c). 

Although the compressive moduli of NorHA hydrogels (5 wt.%, 30% mod.) decrease from 

152.3 ± 4.5 kPa to 104.1 ± 5.5 kPa over 28 days (Figure 5d), the reverse gelation typically 

seen with NorHACA hydrogels (5 wt.%, 40% mod.) by day 12 was not observed.

With these two macromers available, we expect that combinations of NorHACA with 

relatively small amounts of NorHA within the hydrogel would lower the overall hydrogel 

degradation rate through the formation of partially degradable (between hydrolytically 

labile and stable norbornenes) or completely non-degradable (between hydrolytically stable 

norbornenes) crosslinks. At a fixed total macromer concentration of 5 wt.%, increasing the 

amount of NorHA from 0 to 0.5 wt.% prolongs the degradation time by 6 days (Figure 

5). The mass swelling ratio for NorHACA/NorHA hydrogels containing 0.5 wt.% NorHA 

macromer increases gradually from 15.6 ± 1.5 to 29.9 ± 2.5 over 8 days in comparison to the 

rapid increase from 16.1 ± 2.8 to 46.3 ± 10.2 for NorHACA hydrogels without any NorHA 

macromer over the same time. Interestingly, further increasing the relative concentration of 

NorHA within NorHACA/NorHA hydrogels results in hydrogels that degrade slowly and do 

not undergo reverse gelation over at least 28 days. For instance, the compressive moduli of 

composite hydrogels (NorHACA = 4 wt.%, NorHA = 1 wt.%) decreased from 84.1 ± 5.1 

kPa to 3.6 ± 0.5 kPa over the first 21 days of incubation, but then remains fairly constant 

over the subsequent 7 days at an average modulus of 3.4 kPa; this may be attributed to the 

presence of purely non-degradable crosslinks within the composite network. Similar trends 

are also observed for the mass swelling ratio when the relative amount of NorHA macromer 

is increased within the hydrogel. Although these results show only modest changes in 

material properties at early times, the extension and control over degradation times through 

copolymers may prove quite useful depending on the application.

As a further examination of degradation, the subsequent increase in mesh size due 

to network degradation facilitates release of encapsulated proteins via diffusion to the 

surrounding medium. To investigate the effect of payload size, we quantify the cumulative 

release of bovine serum albumin (BSA, ~66 kDa) and polystyrene particles (0.2 μm), 

whereas to assess the effect of payload charge, we investigate the release of lysozyme 

(positively charged protein, ~14 kDa) from NorHACA (5 wt.%, 40% mod.) hydrogels 
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(Figure S10). As expected, we conclude that the release of 0.2 μm particles is the slowest. 

However, despite being smaller in size than BSA, the release of lysozyme initially matches 

that of BSA but slows over time likely due to the electrostatic interactions between 

the protein and the negatively charged carboxyl groups on the norbornene moiety of 

NorHACA. Tuning the degradation time of NorHACA with mixtures of non-degradable 

NorHA macromer can also be useful for altering release profiles of proteins (such as BSA) 

encapsulated within the hydrogel (Figure S10).

3.3. DLP-based 3D Printing of NorHACA Hydrogels.

We extend the utility of our hydrolytically degradable NorHACA resin to form 3D constructs 

via DLP-based 3D printing. DLP-based printing utilizes micromirror devices to project 

spatial light patterns onto a build stage, which moves vertically in a layer-by-layer manner, 

allowing for the fabrication of complex scaffolds.39,40 The pattern fidelity and print 

resolution can be controlled with the use of light-attenuating additives (photoabsorbers 

such as tartrazine) that confine the polymerization to a desired layer thickness.29 NorHACA 

(5 wt.%, 40% mod.) is employed for DLP-based 3D printing studies due to its relatively 

longer degradation timeline of 12 days. Furthermore, the NorHACA (5 wt.%, 40% mod.) 

precursor solution exhibits low viscosity (< 10 Pa s), making it suitable as a DLP resin 

(Figure S11). Working curves for the NorHACA resin with different tartrazine concentrations 

are first obtained to identify an optimal gelation time for printing (Figure S12).41 To this 

end, constructs could be printed with tartrazine (1 mM), exposure times of 6 s per layer, 

and a voxel step size of 100 μm. Post-printing, the constructs are washed and exposed 

to visible light to crosslink any remaining unreacted norbornenes (Figure 6a). Further, 

post-curing of 3D printed NorHACA hydrogel discs results in an increase in compressive 

modulus by ~41.2 kPa (Figure S13). In addition, printability assessments of NorHACA 

are performed to characterize the print resolution and shape fidelity of printed constructs 

over time (Figure S14). The lowest resolution of void space that can be reliably printed in 

an xy plane with NorHACA resin is 500 μm. Although these hydrogels undergo swelling 

as a result of hydrolysis, they generally retain their printed shape with void spaces. The 

advantageous precision of DLP is clear from our ability to print intricate geometries such 

as knotted patterns, 3D gyroids, pyramids, 3D building blocks, and wheels (Figure 6b,c). 

In addition, we are able to print anatomically relevant shapes, such as a model femoral 

condyle. Next, we compare the degradation behavior of 3D printed NorHACA hydrogel discs 

with those fabricated via simple casting into a mold (Figure 6d). Observed differences in 

the cumulative uronic acid release and compressive modulus over time can be attributed 

to the lower crosslink density achieved during DLP due to the use of photoabsorber and 

the low light exposure times used for the crosslinking of each print layer. Consistent with 

previous studies,42 the use of photoabsorber creates a gradient in construct crosslinking 

density, causing a reduction in mechanical properties, as seen between the 3D printed and 

cast discs at day 0.

In addition to standard DLP printing, we leverage the maskless photolithography 

capability of the DLP printer towards 2D patterning of hydrogels. Thiol-ene step growth 

crosslinking can serve as a great platform to post-functionalize thiolated peptides or growth 

factors onto residual norbornene groups within preformed NorHACA hydrogels, thereby 
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providing spatiotemporal tunability (Figure 6e). As a proof-of-concept, excess or unreacted 

norbornenes within bulk or 3D printed NorHACA hydrogels can be soaked with thiolated 

fluorescent peptide (GCDDD-Fluor) and exposed to visible light on the DLP printer to 

generate spatial patterns (e.g., CU buffalo logo, checkerboard, and triangle) (Figure 6f). 

Given the short time (8 s) for post-functionalization and the use of 405 nm light, photo-

patterning of NorHACA hydrogels can be promising for immobilization of therapeutic 

biomolecules toward designing 4D biomimetic models for tissue engineering in the future.

Next, we investigate cellular interactions with NorHACA hydrogels in 2D as well as 3D. 

Bovine bone marrow derived mesenchymal stromal cells (bMSCs) are first seeded on bulk 

NorHACA (5 wt.%, 40% mod.) hydrogels consisting of thiolated RGD (GCGYGRGDSPG, 

cell adhesive peptide, 2 mM). NorHACA hydrogels support cell attachment and spreading as 

observed from the cell morphology over time (Figure 7a). Cell proliferation marked by an 

increase in cell number per unit area is observed over 7 days in culture (Figure 7b). Further, 

cell adhesive ligands can also be incorporated within the NorHACA hydrogel during DLP 

printing (Figure 7c). Similar to cell colonization on bulk hydrogels, 3D printed macroporous 

scaffolds can be cellularized as visualized from the cell morphology at day 3 (Figure 

7d). In addition to cell spreading, their viability upon encapsulation within NorHACA 

hydrogels is also important for applications in tissue engineering. Cells can be successfully 

embedded in NorHACA (5 wt.%, 40% mod.) hydrogels with > 85% cell viability over 7 

days in culture (Figure 7e,f). Similarly, NorHACA (5 wt.%, 15% mod.) hydrogels can also 

support high cell viability (> 88%) over time (Figure S15). This can be attributed to the 

ability of the NorHACA hydrogels to undergo swelling and the subsequent reduction in 

compressive modulus over time that allows for enhanced nutrient transport and provides 

a dynamically soft microenvironment ideal for cell growth, respectively. The encapsulated 

cell density appears sparse over time due to the swelling and degradation of the hydrogel. 

Consequently, viability reduces from ~92% (day 1) to ~63% (day 7) for cells encapsulated 

within non-degradable NorHA (5 wt.%, 30% mod.) hydrogels (Figure S15). This is, in 

fact, expected given the high macromer concentration and high compressive modulus (~150 

kPa) that remains fairly constant over the 7-day culture-period. We further demonstrate 

the capability for bioprinting cell-laden hydrogels formed with NorHACA directly via DLP 

(Figure 7g). Using our NorHACA bioresin containing bMSCs and cell-adhesive ligands, 

we 3D print high-fidelity hydrogels (e.g. discs, macroporous lattice) with embedded cells 

for potential applications towards tissue engineering (Figure 7h). 3D printed NorHACA 

hydrogels are cytocompatible with ~80% viability three days post-printing (Figure S16). 

Lower cell viability in 3D bioprinted constructs as compared to bulk NorHACA hydrogels 

can be a result of the higher photoinitiator concentrations and light intensities used in the 

DLP-printing process.

With the goal of designing scaffolds that are macroporous and suitable for tissue engineering 

applications, we 3D-printed proof-of-concept porous discs from NorHACA, NorHACA/

NorHA composite (composed of 4.5 wt.% NorHACA and 0.5 wt.% NorHA), and NorHA 

resin (Figure 8a). Similar to our bulk hydrogels, porous discs fabricated from NorHACA and 

NorHACA/NorHA are seen to completely degrade by days 10 and 14, respectively, whereas 

those formed with NorHA are stable over the course of 28 days, with minimal release of 

uronic acid and minimal changes in the compressive modulus (Figure 8b). We next exploit 
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the rapid degradation of printed NorHACA for the design of multi-material constructs, which 

allow for construct degradation to be spatially controlled towards the targeted release of 

therapeutic payloads. Non-degradable porous discs composed of NorHA are 3D printed and 

then in-filled with degradable NorHACA hydrogel, which could be loaded with a cargo of 

interest (i.e., BSA; Figure 8c). As the NorHACA hydrogel degraded, BSA was released from 

the interstitial spaces of the porous NorHA scaffold (Figure 8d). Importantly, multi-material 

designs such as this may be implemented for acellular tissue engineering scaffolds where 

(i) payloads such as growth factors are released to help recruit cells and (ii) void spaces 

allow for cell infiltration. As a proof-of-concept, we qualitatively demonstrate the evolution 

of pores upon degradation of NorHACA resin (Figure 8c). This is quantitatively confirmed 

through the assessment of near total uronic acid release from the hydrogel by day 12. 

Furthermore, ~64% of bovine serum albumin (BSA, model protein) is released from the 

hydrogel within 1 day suggesting an initial burst, followed by a slower release thereafter 

(Figure 8d).

4. CONCLUSIONS

In summary, we utilize an aqueous carbic anhydride-based route for synthesis of 

norbornene-modified hyaluronic acid (NorHACA) with varying degrees of modification. The 

additional carboxylic group of NorHACA enables the accelerated degradation of hydrogels 

formed via light-initiated thiol-ene crosslinking. The mechanical properties and degradation 

behavior of NorHACA hydrogels can be readily modulated by changing the macromer 

concentration and/or the degree of modification, with the compressive modulus of hydrogels 

ranging from 1.5 to 150 kPa and degradation times between 3 to 14 days. The experimental 

trends observed in swelling of hydrogels are validated by a statistical-co-kinetic model that 

describes changes in network mesh size and macroscopic hydrogel properties as a function 

of crosslink hydrolysis. Importantly, the modeling approach employed is generalizable for 

other step-growth hydrogels composed of long macromer chains and may be adapted in 

future studies to predict degradation rate constants and hydrogel properties for alternative 

hydrogel formulations. Additional features may also be incorporated into the model to 

account for complex non-idealities such as intermolecular interactions between functional 

groups and diffusion limitations that arise with crosslinking. The degradation profile of 

NorHACA hydrogels was further extended through the use of mixtures of degradable 

(NorHACA) and more stable (NorHA) macromers. Light-based rapid crosslinking of 

NorHACA hydrogels allowed for processing into complex, macroporous structures with 

DLP-based 3D printing. 3D printed NorHACA hydrogels are cytocompatible as seen from 

their ability to support cell attachment as well as high cell viability. Due to their tunability 

and predictable degradation behavior, NorHACA hydrogels hold great promise as scaffolds 

for applications in biofabrication, tissue engineering and drug delivery.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis of NorHACA macromer and hydrogels. (a) Reaction scheme for modification of 

sodium hyaluronate (HA) with cis-5-norbornene-endo-2,3-dicarboxylic anhydride (CA) to 

form norbornene-modified HA (NorHACA) (b) The degree of modification of HA with 

norbornene is tuned by changing the molar ration of CA to HA repeat units. Data are 

reported as mean ± SD; n ≥ 3; **p < 0.01; ****p < 0.0001 (c) Schematic representation 

of network formation by visible light induced thiol-ene step growth reaction between 

NorHACA and dithiothreitol (DTT) in the presence of photoinitiator (lithium phenyl-2,4,6-

trimethylbenzoylphosphinate, LAP).
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Figure 2. 
Rheological characterization of NorHACA hydrogels. Storage modulus, G′ (closed symbol) 

and loss modulus, G″ (open symbol) as a function of time for NorHACA formulations with 

varying macromer concentrations (1, 3, 5 wt.%) and degrees of modification: (a) 15% mod., 

(b) 40% mod., (c) 100% mod. Shaded box indicates the time period between 120 and 420 

seconds for which visible light is introduced. Note that 1 and 3 wt.% of the 100% mod. are 

not testable past reaching the plateau, as samples likely separate from the plates. (d) G′, (e) 

G″, and (f) time to gel point (tg) for various NorHACA hydrogel formulations investigated. 

Statistical comparisons of all groups within each degree of modification shown on graphs. 

Data are reported as mean ± SD; n ≥ 3; ns = not significant; *p < 0.05; **p < 0.01; ***p < 

0.001; ****p < 0.0001.
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Figure 3. 
Characterization of NorHACA hydrogel degradation. Cumulative uronic acid released, 

compressive modulus (EC), and mass swelling ratio (Qm) over time (t) for varying NorHACA 

macromer concentrations (1, 3, 5 wt.%) and degrees of modification: (a) 15% mod., (b) 40% 

mod., and (c) 100% mod. Data are reported as mean ± SD; n ≥ 3.
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Figure 4. 
Modeling the degradation behavior of NorHACA hydrogels. a) Schematic overview of the 

modeling approach employed to characterize NorHACA hydrogel degradation. Model fit 

(dotted line, k = 0.350 day−1) for the (b) compressive modulus (EC) and (c) mass swelling 

ratio (Qm) of a select NorHACA hydrogel (5 wt.%, 40% mod.) over time, with comparisons 

to experimental data (symbols). Shaded box indicates time point for complete degradation 

of the hydrogel. Data are reported as mean ± SD; n ≥ 3. Hydrogel schematics created using 

BioRender.
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Figure 5. 
Tuning hydrogel degradation behavior by combining degradable and non-degradable 

macromers. (a) Schematic illustration of networks composed of NorHACA alone, NorHA 

alone, and NorHACA/NorHA mixtures (4.75:0.25, 4.50:0.50, 4.00:1.00). (b) Cumulative 

uronic acid released, (c) compressive modulus (EC), and (d) mass swelling ratio (Qm) over 

time (t) for hydrogels formed with NorHACA, NorHA, and NorHACA/NorHA mixtures. The 

total macromer concentration was kept fixed at 5 wt.%. Data are reported as mean ± SD; n ≥ 

3.
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Figure 6. 
3D printing and patterning of NorHACA hydrogels. (a) Schematic illustration of digital 

light processing (DLP)-based fabrication of NorHACA hydrogels (5 wt.%, 40% mod.) and 

post-print curing to improve mechanical properties. (b) Photographs of pyramid, femoral 

condyle, and 3D gyroid (in air). Scale bar: 5 mm. (c) Fluorescence images of 3D building 

blocks, wheel, and knotted pattern printed with NorHACA resin. Scale bar: 2 mm. (d) 

Comparison of uronic acid release and compressive modulus (EC) over time (t) for casted 

and 3D printed NorHACA hydrogels. (e) Schematic illustration of maskless photo-patterning 

of NorHACA hydrogels (5 wt.%, 40% mod.) with fluorescent thiol (GCDDD-Fluor) on 

the DLP-printer. (f) Fluorescence maximum projection image of 2D patterned CU buffalo, 

checkerboard, triangle on NorHACA bulk hydrogel and printed macroporous lattice (shown 

in red), respectively. Scale bar: 5 mm.
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Figure 7. 
Cell interactions with NorHACA hydrogels. (a) Representative fluorescence micrographs 

of bovine bone marrow derived mesenchymal stromal cells (bMSCs) seeded on NorHACA 

hydrogels (5 wt.%, 40% mod.) over time (1,3,7 days). F-actin (magenta) and nuclei (cyan). 

Scale bar: 200 μm. (b) Quantification of the number of cells per unit area over time. Data 

are reported as mean ± SD; n ≥ 3; ****p < 0.0001 (c) Schematic illustration of digital 

light processing (DLP)-based fabrication of NorHACA hydrogels with cell adhesive peptides 

(GCGYGRGDSPG, 2 mM) and post-seeded with cells. (d) Representative maximum 

projection image of bMSCs seeded on a NorHACA macroporous lattice at day 3. F-actin 

(magenta) and nuclei (cyan). Scale bars: 1 mm and 500 μm. Dotted line indicates lattice 
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boundary. (e) Representative fluorescence micrographs of bMSCs encapsulated in NorHACA 

(5 wt.%, 40% mod.) bulk hydrogels over time (1,3,7 days). Live (calcein AM, green), 

Dead (ethidium homodimer-1, red). Scale bar: 200 μm. (f) Percentage of viable (live) cells 

over time in NorHACA hydrogels. Data are reported as mean ± SD; n ≥ 3; *p < 0.05 (g) 

Schematic representation of DLP-based 3D printing of NorHACA hydrogels (5 wt.%, 40% 

mod.) with bMSCs. (h) Representative maximum projection image of bMSCs encapsulated 

in NorHACA macroporous lattice at day 1. Live (calcein AM, green), Dead (ethidium 

homodimer-1, red). Scale bars: 1 mm and 500 μm. Dotted line indicates lattice boundary.
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Figure 8. 
Fabrication of macroporous constructs from degradable NorHACA, non-degradable NorHA, 

and NorHACA/NorHA mixtures. (a) (top) Fluorescence images of 3D printed macroporous 

discs. Scale bar: 1 mm. (bottom) Representative maximum projection images of the 

pores within the discs. Scale bar: 200 μm. (b) Cumulative uronic acid release and 

compressive modulus (EC) over time (t) for 3D printed macroporous NorHACA, NorHA, 

and NorHACA/NorHA discs. The total macromer concentration was kept fixed at 5 wt.% 

and the NorHACA/NorHA mixture consists of 4.5 wt.% NorHACA and 0.5 wt.% NorHA. 

(c) Fluorescence images of macroporous NorHA discs (magenta) filled with NorHACA 

(cyan) over the course of degradation. Scale bar: 1 mm. (d) Cumulative uronic acid and 

encapsulated bovine serum albumin (BSA) release from filled NorHACA hydrogels over 

time (t).
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