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Abstract

The fabrication of three-dimensional (3D) scaffolds is indispensable to tissue engineering and 3D 

printing is emerging as an important approach towards this. Hydrogels are often used as inks in 

extrusion-based 3D printing, including with encapsulated cells; however, numerous challenging 

requirements exist, including appropriate viscosity, the ability to stabilize after extrusion, and 

cytocompatibility. Here, we present a shear-thinning and self-healing hydrogel crosslinked through 

dynamic covalent chemistry for 3D bioprinting. Specifically, hyaluronic acid was modified with 

either hydrazide or aldehyde groups and mixed to form hydrogels containing a dynamic hydrazone 

bond. Due to their shear-thinning and self-healing properties, the hydrogels could be extruded for 

3D printing of structures with high shape fidelity, stability to relaxation, and cytocompatibility 

with encapsulated fibroblasts (>80% viability). Forces for extrusion and filament sizes were 

dependent on parameters such as material concentration and needle gauge. To increase scaffold 

functionality, a second photocrosslinkable interpenetrating network was included that was used for 

orthogonal photostiffening and photopatterning through a thiol-ene reaction. Photostiffening 

increased the scaffold’s modulus (~300%) while significantly decreasing erosion (~70%), whereas 

photopatterning allowed for spatial modification of scaffolds with dyes. Overall, this work 

introduces a simple approach to both fabricate and modify 3D printed scaffolds.
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Introduction

Three-dimensional (3D) scaffolds have critical roles in tissue engineering and as in vitro 

models of tissues for drug testing.(1)–(3) Towards this, additive manufacturing (e.g., 

extrusion-based 3D printing) approaches allow for the fabrication of complex architectures 

with tunable properties using various biomaterials as bioinks. The printing of hydrogel-

based scaffolds is attractive, as they offer cellular environments that can mimic those found 

in vivo, where features such as high water content and mechanics are similar to the natural 

extracellular matrix.(4)–(6) Hydrogels can also be further modified to permit and control cell 
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interactions, such as phenotype, motility, and fate. Both natural and synthetic polymers have 

been used in this capacity, including but not limited to alginate,(7) gelatin,(8) fibrin,(9) 

collagen,(10) chitosan,(11) agarose,(12) and hyaluronic acid.(13),(14) The combination of these 

materials with cells or other bioactive molecules facilitates use in various biomedical 

applications.

In extrusion-based 3D printing of hydrogels, there are various design considerations. First, 

the material needs to be of sufficiently low viscosity to permit extrusion. However, upon 

deposition, viscosity must be either high enough to limit material dispersion or the material 

must undergo a rapid sol-gel transition to form a stable hydrogel. The mechanical properties 

of the hydrogel must also allow it to maintain its shape over time, including with the culture 

of cells. Whereas material properties can be tuned to achieve such criteria, it may come at 

the expense of cell viability. For example, biomaterials with high viscosity may introduce 

damaging shear stresses to cells during extrusion and cell viability is often improved in more 

loosely crosslinked hydrogels that permit the diffusion of nutrients and wastes.(6),(15)–(19) 

Thus, meeting these specific criteria is a major hurdle in the development of new hydrogel 

bioinks.

Shear-thinning and self-healing hydrogels based on physical crosslinking mechanisms have 

been explored as bioinks.(13),(14) Shear-thinning hydrogels flow during the application of 

mechanical force during extrusion by breaking apart physical crosslinks, which may then 

self-heal upon cessation of this force with deposition. Physically-crosslinked hydrogels can 

be printed without secondary crosslinking steps,(20) or secondary crosslinking may be 

needed to stabilize the printed structures to prevent relaxation over time.(14) Pre-crosslinking 

of covalent hydrogels can also be used to improve viscosity for printing, but secondary 

crosslinking steps are still necessary to obtain robust properties.(21) In either case, care 

should be taken to ensure that secondary crosslinking does not decrease cell viability or 

restrict desired cell behavior.(15)

Towards a new approach for bioink design, we explore here the use of dynamic covalent 

bonds for hydrogel formation. Dynamic covalent chemistries form covalent bonds that have 

significantly higher strengths than physical bonds, but are also reversible and in constant 

equilibrium between the bound and unbound state.(22)–(24) The use of these covalently 

adaptable bonds in cell-laden hydrogels is still relatively new, but they may have the added 

advantage of allowing cells to spread or move within the network as the local bonds 

rearrange, which is not possible with stable covalent crosslinks.(25) The dynamic behavior of 

various bonds has been reported, including acetals, alkoxyamines, borate esters, Diels-Alder 

cycloadditions, olefins, oximes, imines, and hydrazones.(24)

Here, we employed hydrazone chemistry in hyaluronic acid hydrogels, adapting from 

previously established chemistries that have allowed such hydrogels to be used in various 

biomedical applications.(26)–(28) The hydrazone bond is a unique dynamic covalent bond that 

is formed between an electron-dense, nucleophilic hydrazide (R-NHNH2) and an electron-

deficient, electrophilic aldehyde (R-CHO). Hydrazone crosslinked hydrogels and imine 

variants of the hydrazone bond have previously been explored for their injectable, shear-

thinning and self-healing properties.(29)–(32) They have further been shown to protect cells 
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during extrusion through a needle, adding to the advantages of using this system for 3D 

printing.(29) We hypothesized that hydrogels assembled through dynamic covalent 

crosslinking between hydrazide and aldehyde groups were shear-thinning and self-healing 

and would allow for extrusion for application in 3D bioprinting.

Materials and Methods

Materials

Hyaluronic acid (HA, MW = 400 kDa, 74 kDa) was purchased from LifeCore (Chaska, 

MN). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless 

specified otherwise.

HA-HYD synthesis and characterization

HA (74 kDa, 1 g) and adipic acid dihydrazide (~13 g, >60× molar excess) were dissolved in 

200 mL dH2O. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 1.55 g, 10 mmol) 

and hydroxybenzotriazole (HOBt, 1.53 g, 10 mmol) were sere separately dissolved in a 

DMSO/dH2O mixture (1:1) and added dropwise to the HA solution. pH was adjusted to 6.8 

every 30 minutes for 4 hours, followed by reaction for 24 hours. The solution was dialyzed 

against dH2O (3500 MWCO) for 3 days after which products were precipitated in cold 

acetone and dialyzed again for a week. Products were lyophilized and stored under nitrogen 

at −20°C for use. HA-HYD was characterized by1H NMR (DMX 360, Bruker, Billerica, 

MA) and was found to have a hydrazide modification of approximately 30% of disaccharide 

repeat units.

HA-ALD synthesis and characterization

HA (400 kDa, 200 mg) and sodium periodate (103 mg, 1:1 periodate/HA molar ratio) was 

dissolved in 20 mL dH2O. The reaction was stirred for 2 hours in the dark and subsequently 

quenched in 2 mL ethylene glycol. The solution was then dialyzed for 5 days against dH2O 

(14000 MWCO) and lyophilized. HA-ALD was stored under nitrogen at −20°C until use. To 

quantify aldehyde modification, HA-ALD was dissolved at 2 wt% and subsequent reacted 

with tert-Butyl carbazate (t-Bc, 1% in trichloroacetic acid) in dH2O overnight as previously 

described.(33),(34) The next day, HA-ALD/t-BC and t-BC standards were reacted with 2,4,6-

trinitrobenzenesulfonic acid (TNBS, 6 mM in 0.1 M sodium tetraborate, pH 8) for 1 hour. 

Samples were then reacted with 0.5 N hydrochloric acid and absorbance was measured at 

340 nm on a microplate reader (Tecon).

Hydrogel assembly and syringe loading

HA-HYD and HA-ALD were dissolved separately in phosphate buffered saline (PBS) at 

desired concentrations and mixed for hydrogel formation with equal mass ratios of HA-

HYD and HA-ALD. To load into syringes, polymers were manually mixed in syringe barrels 

and subsequently centrifuged to remove air bubbles. Hydrogels were allowed to form for a 

minimum of 2 hours in 37°C prior to use.
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Dynamic mechanical analysis (DMA)

Hydrogels (50 µL at 1.5, 3, 5 wt%) were formed in 4.7 mm diameter cylindrical molds. 

Compression testing was performed (TA Instruments, Q800) to evaluate the Young’s 

modulus, failure stress, and failure strain. Hydrogels were secured within a fluid cup via a 

0.01 N pre-load and subsequently compressed until failure at a rate of 0.5 N min−1; moduli 

were evaluated as the slope from 10–20% strain. To assess the ability of hydrogels to self-

heal, hydrogels were cut medially, resulting in half-cylinders. These half-cylinders were then 

placed into contact again and allowed to undergo self-healing over 30 minutes. Compression 

testing was then performed as described above to assess the Young’s modulus, failure stress, 

and failure strain of samples after cutting and healing. The self-healing efficiency was 

quantified as failure stress of the cut and healed hydrogel (SH) normalized to the failure 

stress of hydrogels tested without cutting (SI).

Shear oscillatory rheometry

Measurements were performed using an AR2000 stress-controlled rheometer (TA 

Instruments) fitted with a 20 mm diameter cone and plate geometry, 59 min 42 s cone angle, 

and 27 µm gap. Rheological properties were examined by time sweeps (1.0 Hz; 0.5% strain). 

For shear recovery experiments, high 250% strain was applied with recovery at 0.5% strain, 

each at 1 Hz. To evaluate shear-thinning, material responses to shear were examined in 

continuous flow experiments with a linearly ramped shear rate from 1 to 100 s−1. To 

measure photocuring of double-networks, UV was applied (10 mW/cm2) using an Exfo 

Omnicure S1000 lamp with a 320−390 nm filter for 5 minutes via a UV-curing stage during 

oscillatory time sweeps (1.0 Hz, 0.5% strain).

Hydrogel erosion

Custom fabricated agarose molds in microcentrifuge tubes were used to contain 30 µL 

hydrogels with a 5 mm diameter and 6 mm depression. Hydrogels were covered in 500 µL 

PBS and allowed to erode at 37°C. At indicated timepoints, buffer was removed and 

replaced with fresh PBS. HA concentrations in releasates were quantified using a uronic acid 

assay.(35),(36) Briefly, 30 µL of buffer from each timepoint was added to a sodium tetraborate 

decahydrate solution in sulfuric acid (25 mM in H2SO4) and heated to 100°C for 10 minutes. 

50 µl of carbazole (0.125% in ethanol) was added and solutions were heated to 100°C for 15 

minutes. Solution absorbances were measured at 530 nm on a microplate reader. Serial 

dilutions of HA starting from 4 mg/mL were used to create a standard curve.

Cell encapsulation, viability, and activity assays

All macromers were sterilized under UV irradiation prior to use. NIH 3T3 fibroblasts grown 

in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum and 1% penicillin/streptomycin were washed, trypsinized (0.05%), centrifuged, and 

resuspended in HA-HYD solutions toward a final concentration of 2×106/mL of hydrogel. 

HA-ALD solution was added to the HA-HYD cell suspension. Macromers were 

subsequently mixed and manually transferred to a 1 mL BD syringe to form hydrogels. For 

viability assays, flow rate was varied on a syringe pump (KD Scientific). Following printing, 

cells were stained with calcein AM/ethidium homodimer Live/Dead solution 
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(ThermoFisher) according to manufacturer’s instructions. For metabolic activity assays, 

hydrogels were printed into custom agarose wells as previously described.(37) Media was 

added above cells and changed every two days. At indicated timepoints, alamarBlue solution 

(10% in 3T3 media) was added for 4 hours, collected, and frozen. Quantification at each 

time point was performed on a microplate reader (Tecon) at an absorbance of 530 nm and 

emission of 590 nm on a microplate reader, and values were normalized to readings at D1 

for each sample.

Force measurements, lattice construction and stability

Following hydrogel loading into syringes, syringes were placed into an Instron 5848 

mechanical testing machine using a 50 N load cell under tensile extension mode to assess 

required forces to maintain a flow rate of 2 mL/hour. Printing was performed using a stepper 

motor-driven piston-based nozzle suitable for extrusion on a commercial 3D FDM printer 

(Revolution XL, Quintessential Universal Building Device) as previously described.(14),(38) 

Standard software was used to generate G-code (Slic3r) based on 3D computer-aided design 

(CAD) models (AutoCAD) and to control hardware (Repetier). Hydrogels were extruded at 

a moving speed of 40 mm/s. For fluorescent visualization of filaments, Rhodamine B 

isothiocyanate-dextran was mixed with macromers prior to use. Lattices were incubated in 

PBS at 37°C and imaged at indicated timepoints. For viability studies, printed structures 

were assessed for Live/Dead or activity as described above.

Double network formation and 3D printing

Nor-HA was synthesized as previously described from the tert-butyl ammonium salt of HA 

for a modification of 60% of disaccharide units on HA.(39) HA-HYD and HA-ALD were 

each dissolved in the dark with Nor-HA in PBS containing 4-(2-hydroxyethoxy)phenyl-(2-

propyl)ketone (I2959, 0.05%) and pentaerythritol tetramercaptoacetate (PETMA) to 

theoretically consume 50% of free norbornenes. The two individual HA-HYD and HA-ALD 

solutions were mixed and vortexed for 1 min, and then transferred to a syringe for 3D 

printing. A 3D disc structure was printed from a respective 3D CAD model. The materials 

were loaded into syringes and printed with 25G needles. After printing, the structure was 

photocrosslinked with UV irradiation (365nm, 10 mW/cm2, 2 mins). For erosion studies, 

filaments (100 µL) were extruded into 24-well plates and incubated in 1 mL PBS as 

described above.

Photopatterning of double networks

A fluorescent, thiolated peptide with the sequence GCKKG-rhodamine was synthesized by 

solid phase peptide synthesis (Protein Technologies) using glycinol 2-chlorotrityl resin and 

fluorenylmethyloxycarbonyl chloride-protected amino acids that were then reacted with the 

free acid of rhodamine. Printed and photostiffened hydrogel discs after printing were 

subsequently patterned as previously described.(39) In short, hydrogels were incubated with 

the thiolated rhodamine peptide (5 µM), I2959 (0.05%) and bovine serum albumin (1%) in 

PBS for 1 hour at room temperature. Hydrogels were then covered with a CAD drawn 

photomask (CAD/Art Services, Inc) and irradiated under UV (365nm, 10 mW/cm2, 10 

mins). Following UV administration, hydrogels were subsequently washed five times in PBS 
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to remove unbound rhodamine, and an Olympus BX51 microscope (B&B Microscopes 

Limited) was used to image the patterns.

Statistical Analysis

All statistics were performed using Graphpad Prism 7. All data are reported as mean ± 

standard deviation and performed at a minimum in triplicate. Comparisons between two 

groups were performed by Students t-test with two-tailed criteria and significance 

determined at p<0.05. For comparison between multiple groups, significance was 

determined by one-way ANOVA with post hoc testing, or by two-way ANOVA when 

comparing effects of multiple independent variables. Bonferroni correction was used to 

account for multiple comparisons with α=0.05.

Results and Discussion

Macromer synthesis, hydrogel formation, and mechanical properties

Hyaluronic acid (HA) was modified with hydrazides (HA-HYD) via amidation between 

adipic acid dihydrazide and carboxyl groups of HA or with aldehydes (HA-ALD) through 

oxidation with sodium periodate (Figure 1A). Synthesis of HA-HYD led to ~30% of 

modification disaccharide repeats with hydrazides (Supplement Figure 1). Synthesis of HA-

ALD led to ~20% modification of disaccharide repeats with aldehydes (Figure S2A). 

Because the oxidation process to synthesize HA-ALD also hydrolyzes HA polymer chains, 

gas permeation chromatography (GPC) was used to measure the molecular weight of HA-

ALD. The synthesized product was ~21 kDa, suggesting a large reduction in size during 

oxidation (Figure S2B). HA-HYD and HA-ALD were formed into hydrogels by mixing the 

two dissolved macromers manually, with gelation demonstrated by a qualitatively turning 

solutions to the side. Whereas HA-HYD and HA-ALD macromers alone rapidly flowed 

following turning to the side, the mixture of the two formed a solid hydrogel that did not 

flow after being turned to the side, both immediately after mixing and for up to two months 

(Figure 1B). This demonstrates a stable network that is resistant to flow with dynamic 

covalent crosslinks. In contrast, dynamic physical crosslinks often lead to hydrogel 

relaxation over the time course of minutes to hours.(14),(40) This may be attributed to the 

greater bond strength of the dynamic covalent bond compared to physical ones, and the 

equilibrium of the hydrazone bond chemistry which has been shown to strongly favor the 

bonded state.(25)

Using shear oscillatory rheometry, the kinetics of hydrogel formation was monitored at 3 

concentrations (1.5, 3, 5 wt%) and a mass ratio of 1:1 of HA-HYD and HA-ALD, which 

corresponded to a 1.2:1 molar ratio of HYD to ALD (Figure 1C, Figure S3A–C, S3E). By 

increasing the macromer concentrations, the rates of gelation and the ultimate storage (G’) 

and loss (G”) moduli were altered. At 1.5 wt%, hydrogels formed slowly and reached an 

ultimate G’ of ~500 Pa. By increasing to 3 and 5 wt%, hydrogels formed more quickly and 

reached G’ of ~2000 and ~6000 Pa, respectively (Figure 1D). Of note, while rheometry 

provided relative measurements of the kinetics of gelation, manual mixing led to more rapid 

qualitative gelation. Further, we also varied the ratio of HA-HYD to HA-ALD, but found 

that changes in either direction lowered the overall hydrogel mechanics (Figure S3D). At the 
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formulations investigated, erosion was also dependent on concentration, where 1.5 wt% 

hydrogels eroded ~70% by two weeks, 3 wt% eroded ~30%, and 5 wt% eroded ~20% 

(Figure 1E). Taken together, the mechanical properties of these hydrogels were shown to be 

tunable by controlling the macromer concentration in hydrogels, increasing properties 

through additional HA entanglements and hydrazone crosslink density. Increasing 

concentrations also affected the rates at which these macromers self-assembled into a 

hydrogel and the rates at which hydrogels eroded in buffer. Of note, high erosion rates were 

observed at later timepoints (1–2 weeks) for hydrogels at low concentrations (1.5 wt%). 

Thus, while the dynamic covalent bond may confer mechanical stability to relaxation, it is in 

a dynamic equilibrium with the unbound form, leading to erosion of macromers when 

hydrogels were incubated in buffer.

Injectability, shear-thinning and self-healing of hydrogels

After hydrogel formation and initial mechanical characterization, we investigated the shear-

thinning and self-healing capacity of these hydrogels. Using shear oscillatory rheometry, we 

observed shear yielding from a strain sweep, where hydrogels at three different 

concentrations yielded at ~200% strain (Figure S4A). Moreover, increasing the shear rate led 

to decreased material viscosity, demonstrating shear-thinning (Figure 2A) and corroborating 

previous reports that demonstrated the shear-thinning ability of hydrogels assembled through 

hydrazone bonds.(29) Recognizing the ability for these hydrogels to undergo shear-thinning, 

we demonstrated qualitatively that the hydrogels could be ejected from a 27Gx1/2” insulin 

syringe (Figure 2B). To assess self-healing, hydrogels were formed into cylindrical discs and 

mixed with red and blue dyes. Separated red and blue discs were then cut in half and 

recombined with half of another disc with a different color. After 10 minutes, there was clear 

healing at the interface, and no separation of the discs when placed in PBS (Figure 2C). The 

healed hydrogel also could not be pulled apart manually (Figure 2D). Strain cycling on 

shear-oscillatory rheometry was also used to evaluate the hydrogels at low strain (0.5%) and 

in response to high, deforming strain (250%). Here, all formulations tested demonstrated a 

rapid decline in G’ upon application of high strain and rapid recovery upon cessation of this 

strain, demonstrating again the self-healing capacity of these materials (Figure 2E). In a 

syringe, the shear-thinning property of these hydrogels may manifest more as a shear-

banding effect, where the intense shear experienced around the edges of the hydrogel 

permits material flow through a contribution from the disassembly of hydrazone bonds. 

However, there may be a component of brittle failure that occurs as well to permit extrusion 

of these materials through a syringe that actually leads to fracture-like behaviors; in these 

situations, macromers themselves may be broken or forced into high energy configurations 

to allow the hydrogel to pass through the needle. The self-healing properties of these 

materials are thus paramount to their ability to be extruded, as bonds that break at fractured 

interfaces are able to slowly re-heal following hydrogel extrusion.

Finally, the Young’s modulus and healing efficiency of these hydrogels was assessed using 

DMA (Figure 2F). Healing efficiency was defined as the ratio between the failure stress of 

hydrogel discs after cutting in half and re-healing for 30 minutes (SH) and the failure stress 

of hydrogel discs that were not cut in half (SI). This was adapted from previously described 

protocols for self-healing.(31),(32),(41) As the concentration of the hydrogels increased, the 
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Young’s modulus increased from ~3 kPa at 1.5 wt% to ~10 kPa at 3 wt% to ~15–20 kPa at 5 

wt%. Interestingly, the healing efficiency of hydrogels was highest at 1.5 wt%, achieving a 

healing efficiency of almost 100% where failure stress was nearly restored (Figure S4B). 

Higher concentrations also healed qualitatively, but only reached a healing efficiency of 

~50%. All formulations investigated reached similar failure strains before and after healing 

(Figure S4C). Longer healing times (>30 minutes) may thus be necessary to achieve 

complete healing of higher concentration hydrogels (3, 5 wt%). Because low concentration 

hydrogels (1.5 wt%) exhibited the best healing, we hypothesize that lower crosslink 

densities may require fewer bonds to re-form to confer mechanical strength to compression 

after healing. Similarly, because hydrazone bond breakage is a hydrolytic reaction, the 

higher water content in lower concentration (1.5 wt%) hydrogels may facilitate additional 

bond rearrangements. There may also be greater mobility of macromers at lower 

concentrations, allowing unbound aldehydes to find hydrazides for reaction. At higher 

concentrations, healing may require longer times due to larger rearrangements that may be 

necessary to fully pair up crosslinks; such rearrangements may be prohibited by dense 

entanglements and other crosslinks in the network.

Cell encapsulation and viability in hydrogels

As a step towards applying the hydrogels to bioprinting, we encapsulated cells within the 

hydrogels and investigated their viability for up to 14 days. Specifically, 3T3 fibroblasts 

were mixed with the macromer components during the gelation. Calcein AM and ethidium 

homodimer were used to measure live and dead cells, respectively, demonstrating high cell 

viability 1 day after encapsulation based on imaging (Figure 3A). Quantification of live cells 

relative to total cells 1 day after encapsulation demonstrated ~80–90% viability for cells in 

hydrogels across all concentrations tested (Figure 3B). For long-term viability analysis, 

encapsulated cells in hydrogels were placed into agarose well molds and the metabolic 

activity was measured by addition of alamarBlue, an indicator of cellular activity (Figure 

S5). The metabolic activity increased for all hydrogel concentrations, but increased fastest in 

hydrogels at 1.5 wt% and slowest at 5 wt% (Figure 3C). Qualitatively, the alamarBlue 

reagents did not change the color of hydrogels without cells but changed the color of 

hydrogels with cells to an intense pink (Figure S5) to demonstrate cell activity. This data 

supports previous reports that low density polymer environments may be more conducive to 

cell growth and viability(17) and suggests that that decreased polymer-polymer interactions 

may be more favorable for cell viability. There may also be a contribution of the hydrazone 

bond that facilities cell activity as it has previously been shown that dynamic bonds can be 

rearranged to permit cell spreading.(25) This data also corroborates previous reports that 

demonstrated high cell viability in both HA hydrogels and hydrazone-crosslinked hydrogels.
(14),(25),(29),(42)

Extrusion-printing of hydrogel filaments

Towards extrusion-based 3D printing, we studied properties of extrusion by varying material 

and printing parameters. First, we measured force profiles of hydrogels (1.5, 3, 5 wt%) 

extruded through increasingly smaller needles (18, 23, 25G) at a fixed length (1/4”) and at a 

constant extrusion rate (Figure 4A). At a fixed concentration, increasing the needle gauge 

increased the required force needed for extrusion but also led to small fluctuations in force 
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over time that could indicate heterogeneity in the network and potentially alter filament 

uniformity (Figure S6A). Likewise, at a fixed needle gauge, the force required to extrude the 

hydrogels increased with increasing macromer concentration (Figure 4A, Figure S6B). As 

force requirements for extrusion changed, there was also more fluctuation in forces at 3 and 

5 wt%; however, with the largest needle tested (18G) and using the lowest concentration (1.5 

wt%) a stable force profile was observed (Figure S6C). When filaments were printed, the 

needle gauge had a direct impact on the filament diameter at 1.5 and 3 wt%, as higher needle 

gauges with smaller inner diameters yielded filaments with smaller diameters (Figure 4B). 

While 5 wt% hydrogels were printable into filaments at all needle gauges, filaments were 

fractured and inconsistent in size (Figure S6D).

Cell viability was also influenced by the printing parameters investigated, including 1.5 and 

3 wt% hydrogels (as 5 wt% hydrogels did not lead to good filament fidelity they were not 

included in further studies), three needle gauges (18, 23, 25G), and two flow rates (0.5, 1 

mL/hr). Whereas modest viability after extrusion (~70%) was achieved across all conditions 

tested, the best viability was achieved using the 1.5 wt% hydrogel and 18G needle (~90%) 

(Figure S6E). This formulation corresponded to the least force required for extrusion (Figure 

4A), suggesting that the force directly impacts cell viability during printing, corroborating 

previous reports of the relationship between substrate stiffness and cell viability.(18) The 

dynamic covalent bonds here likely play an important role in protecting cells from 

experiencing shear during the extrusion process.(29) Recognizing that printing of 1.5 wt% 

hydrogels with an 18G needle led to the lowest forces and highest viability, we printed 

filaments of this composition with encapsulated rhodamine dextran for visualization (Figure 

4C). We note that filaments could be printed with higher resolution with smaller needles 

(e.g. 23G, 25G), but these parameters would decrease cell viability. Printed filaments were 

smooth with high shape fidelity and did not relax during the printing process or for up to 30 

minutes in either air and PBS, suggesting the potential for this formulation in fabricating 3D 

scaffolds (Figure 4D).

Printing of multilayer lattices

Towards the fabrication of multi-layered scaffolds, hydrogels at 1.5 wt% were formed and 

ejected through an 18G needle into a 3D, multi-layer lattice consisting of filaments spaced 3 

mm apart (Figure 5A). A 4-layer lattice was fabricated that was stable both in air and PBS 

immediately after printing (Figure 5B), with minimal changes for up to 5 days (Figure 5C). 

In air, filaments were stable over time, changing minimally over the first two hours after 

printing and subsequently did not change in appearance or relax (Figure S7A, Figure S7B). 

Constructs were also stable in PBS immediately after immersion and for up to one week 

(Figure S7C), but did experience some swelling with time and filament diameters increased 

by ~170% (Figure S7D), which may be a result of the dynamic covalent bond that permits 

network rearrangements. For bioprinting, cells were encapsulated in hydrogels and printed 

(Figure 5D). High viability was observed (~85%), comparable to the viability of cells in 

hydrogels before printing (~95%) (Figure 5E). AlamarBlue was used to quantify metabolic 

activity, demonstrating increased activity over time in 3D printed constructs (Figure 5F) that 

did not differ from activity in non-printed constructs. These data suggest that viable cells can 

be 3D printed within hydrogels containing covalent bonds.

Wang et al. Page 9

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Double-network hydrogels

As another approach to control printed hydrogel properties, the use of double-networks was 

investigated. Specifically, norbornene-modified HA (Nor-HA) was synthesized through an 

esterification reaction between a carboxylated norbornene and the hydroxyl group of HA 

(Figure 6A), leading to a norbornene modification of ~60% of HA disaccharide repeat units 

(Figure S8). Norbornenes react with thiols in response to ultraviolet light and photoinitiator 

to undergo a radical-initiated thiol-ene click reaction. Thus, the introduction of Nor-HA and 

crosslinker within the HA-HYD/HA-ALD hydrogels could be used to produce a double-

network, where post-crosslinking of the Nor-HA network could confer additional long-term 

stability and improved mechanics. To test this, Nor-HA, HA-HYD, and HA-ALD were 

mixed in the presence of a PETMA crosslinker, a tetrathiol, and I2959 photoinitiator to form 

a double network (Figure 6B). Rheology showed that ultraviolet light increased hydrogel 

mechanics, where G’ increased from ~500 Pa to ~5 kPa (Figure 6C).

The use of Nor-HA as a secondary network also provides reactivity to pattern other signals 

into 3D printed structures, such as thiolated molecules.(39) In this process, Nor-HA 

crosslinking is first used to photostiffen the hydrogels to increase the mechanics and then 

another reaction is used to pattern molecules, adding heterogeneity to 3D constructed 

architectures (Figure 7A). To demonstrate photostiffening, double network hydrogels were 

printed into 5 mm discs with ~50% of norbornenes consumed during crosslinking (Figure 

S9A). Without the secondary networks, discs had a Young’s modulus of ~1 kPa and 

increased to ~3 kPa after photocuring. The failure stress before light exposure was ~10 kPa 

and increased to ~30 kPa following curing (Figure S9B), while failure strain was unaffected 

(Figure S9C). To evaluate the effect of the secondary network on filament erosion, networks 

were printed and subsequently photostiffened for analysis via uronic acid relase. The 

introduction of the secondary network significantly decreased filament erosion to ~20% after 

2 weeks, as compared to ~70% for constructs that were not photocured (Figure 7D). We note 

that erosion profiles of printed filaments may differ from macroscopically-crosslinked 

hydrogels due to increased surface area. in Photocuring also led to filaments that were 

significantly more stable to swelling over time, as filament diameters were maintained with 

photocuring but continued to increase over 24 hours without UV curing (Figure 7E). For 

photopatterning, double network discs with ~50% of norbornenes consumed were incubated 

in a solution of thiolated rhodamine and I2959 and subsequently exposed to ultraviolet light 

under two different photomasks of line and dot patterns. Hydrogels were then washed to 

remove unbound dye and subsequently imaged for pattern visualization (Figure 7F). Taken 

together, these results demonstrate the additional heterogeneity in mechanics and 

biomolecule presentation that can be introduced into the system by incorporation of a 

secondary Nor-HA double network into hydrogels.

Conclusions

3D extrusion bioprinting of hydrogels continues to be an evolving field that necessitates 

evolving bioinks. We successfully printed HA hydrogels assembled through hydrazone 

bonds that possessed dynamic covalent chemistry, which permitted the shear-thinning and 

self-healing properties needed for extrusion and material deposition. Extrusion forces for 
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printing were dependent on needle gauge and hydrogel concentration and encapsulated cell 

viability was high under optimal conditions. A double-network approach was taken, where a 

photocrosslinkable network was introduced throughout this original network. This permitted 

an increase in mechanics with light exposure and permitted patterning of dyes with light 

exposure through a mask. Printing of these networks may permit the fabrication of complex 

biological scaffolds with controlled heterogeneity in mechanics and biomolecule 

presentation across multiple length scales.(43) This can have major advantages to the field of 

tissue engineering, where we are currently limited by the biological complexity of 

engineered scaffolds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Modification of hyaluronic acid, hydrogel formation, and mechanical characterization
A) Synthesis schematic of hydrazide-modified HA (HA-HYD) and aldehyde-modified HA 

(HA-ALD) through an amidation reaction between the carboxyl group of HA and 

hydrazides of adipic acid dihydrazide and the oxidization of HA by sodium periodate, 

respectively. B) Stability of solutions of HA-HYD alone, HA-ALD alone, and after mixing 

(1.5 wt%) immediately after being placed on their side and after two months, demonstrating 

stable hydrogel formation when mixed. C) Time sweeps (1 Hz, 0.5% strain) and D) 

quantification of storage modulus (G’), loss modulus (G”), and tan(δ) of 1.5, 3, and 5 wt% 

hydrogels (1:1 mass ratio of HA-HYD:HA-ALD) on shear-oscillatory rheometry, 

demonstrating tunability in mechanics and gelation behavior with macromer concentration. 

*p<0.05 compared to 1.5 wt%,#p<0.05 compared to 3 wt%. E) Erosion of hydrogels at 

37 °C by colorimetric measurements of uronic acid release over time of these same hydrogel 

compositions.*p<0.05 compared to 5 wt%,#p<0.05 compared to 3 wt%.
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Figure 2. Injectability, shear-thinning, and self-healing of hydrogels
A) Shear-thinning of hydrogels measured with shear oscillatory rheometry, demonstrating 

decreasing viscosity with increasing shear-rates for 1.5, 3, and 5 wt% hydrogels. B) Ejection 

of hydrogels (1.5 wt%) from a 27Gx1/2” needle and syringe, demonstrating injectability. C) 

Self-healing of two dyed hydrogel discs (1.5 wt%) in air and PBS after 10 minutes. D) 

Manual stretching of healed hydrogel discs (1.5 wt%) after 10 minutes. E) Application of 

cyclic low (0.5%) and high (250%) strain on shear-oscillatory rheometry, demonstrating a 

rapid decrease in modulus in response to strain and a rapid recovery upon cessation of shear, 

applicable over multiple cycles of loading across 1.5, 3, and 5 wt% hydrogels. F) Dynamic 
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mechanical analysis measurements of hydrogel Young’s moduli, as well as healing 

efficiency – measured as the failure stress of hydrogels after cutting in half and 30 minutes 

of healing, normalized to the failure stress of hydrogels that were not cut – for 1.5, 3, and 5 

wt% hydrogels.*p<0.05 compared to 1.5 wt%,#p<0.05 compared to 3 wt%.
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Figure 3. Cytocompatibility of hydrogels with encapsulated cells
A) Live/Dead staining and B) quantification of viability (% of live cells/total cells) of 3T3 

fibroblasts (2×106/mL) encapsulated in hydrogels (1.5, 3, 5 wt%) after 1 day. N.S. = not 

significant between groups. C) AlamarBlue assessment of the activity of cells encapsulated 

in hydrogels (1.5, 3, 5 wt%), normalized to activity measurements after 1 day.*p<0.05 

compared to D1,#p<0.05 compared to D4,+p<0.05 compared to D7.
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Figure 4. Effect of macromer concentration and needle gauge on force, filament printing, and 
viability
A) Force measurements from Instron testing of hydrogels at 1.5, 3, and 5 wt% and 18, 23, 

and 25G needles at a rate of 2 mm/min. B) Quantification of filament diameters from 1.5 

and 3 wt% hydrogels using 18, 23, and 25G needles. Hydrogels were encapsulated with 

rhodamine-dextran for imaging and quantification of filament size.*p<0.05 compared to 

18G,#p<0.05 compared to 23G. C) Photo of printing with hydrogels containing rhodamine-

dextran under bright field and fluorescent channels. D) Fluorescent images of filaments in 

air and in PBS after 30 minutes.
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Figure 5. 3D printing of hydrogels into 3D, multilayer lattices
A) Schematic of shear-thinning and self-healing of hydrogels during printing, where 

hydrogels were formed in syringes, sheared through the extrusion process, and filaments 

stabilized by self-healing properties of hydrazone bonds. B) Photos of 4-layer lattices in air 

and in PBS. C) Images of lattices in air and in PBS (labeled with rhodamine-dextran). D) 

Live/Dead staining of cells in lattice filaments immediately after extrusion and E) 

quantification of cell viability before and after printing based on Live/Dead staining. 

***p<0.001. F) Metabolic activity of cells in hydrogels before and after printing by 

alamarBlue measurements of activity. *p<0.05 compared to D1.
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Figure 6. Double-network hydrogels
A) Synthesis schematic of Nor-HA, where norbornenes are introduced through an 

esterification reaction between 5-norbornene-2-carboxylic acid and the primary alcohol of 

HA with di-tert-butyl dicarbonate (Boc2O). B) Schematic of double-networks where Nor-

HA is introduced into HYD/ALD hydrogels with a hydrolytically degradable, tetrathiol 

crosslinker and crosslinked via a thiol-ene reaction in response to UV light and I2959 

photoinitiator. C) Photostiffening of networks after UV exposure, demonstrating an increase 

in G’ with shear-oscillatory rheometry.
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Figure 7. 3D printing of double networks toward orthogonal photostiffening and 
photopatterning
A) Schematic of sequential photostiffening and photopatterning of double networks. For 

photostiffening, double network hydrogels were printed with PETMA and I2959 and 

exposed to UV light (10 mW/cm2, 2 minutes). For photopatterning, double network 

hydrogels were incubated with I2959 and thiolated rhodamine and exposed to UV light 

through a photomask (10 mW/cm2, 10 minutes). B, C) DMA properties of hydrogel discs 

before and after photostiffening,**p<0.01. D) Erosion of printed double network hydrogel 

filaments with and without UV irradiation,*p<0.05. E) Size of double network filaments 

(encapsulated with rhodamine-dextran) with and without UV irradiation,*p<0.05. F) 

Hydrogel discs following photopatterning with thiolated rhodamine.
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