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Abstract

3D bioprinting is an attractive technique to fabricate well-organized, cell-laden constructs for 

tissue repair and disease modeling. Although numerous hydrogel bioinks have been developed, 

materials are still needed that mimic the cellular microenvironment, have the appropriate viscosity 

and stabilization for printing, and are cytocompatible. Here, we present a unique gallol-modified 

extracellular matrix (ECM) hydrogel ink that is inspired by rapid fruit browning phenomena. The 

gallol-modification of ECM components (e.g., hyaluronic acid, gelatin) allowed (i) immediate 

gelation and shear-thinning properties by dynamic hydrogen bonds on short time-scales and (ii) 

further auto-oxidation and covalent crosslinking for stabilization on longer time-scales. The gallol 

ECM hydrogel ink was printable using an extrusion-based 3D printer by exploiting temporal 

shear-thinning properties, and further showed cytocompatibility (~95% viability) and on-tissue 

printability due to adhesiveness of gallol moieties. Printed cell-laden filaments degraded and 

swelled with culture over 6 days, corresponding to increases in cell density and spreading. 

Ultimately, this strategy is useful for designing hydrogel inks with tunable properties for 3D 

bioprinting.

Statement of Significance—3D bioprinting is a promising technique for the fabrication of 

cell-laden constructs for applications as in vitro models or for therapeutic applications. Despite the 

previous development of numerous hydrogel bioinks, there still remain challenging considerations 

in the design of bioinks. In this study, we present a unique cytocompatible hydrogel ink with gallol 

modification that is inspired by rapid fruit browning phenomena. The gallol hydrogel ink has three 

important properties: i) it shows immediate gelation by dynamic, reversible bonds for shear-

thinning extrusion, ii) it allows spontaneous stabilization by subsequent covalent crosslinking after 

printing, and iii) it is printable on tissues by adhesive properties of gallol moieties. As such, this 

work presents a new approach in the design of hydrogel inks.
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1. Introduction

Three-dimensional (3D) biofabrication is an emerging research field for tissue engineering 

[1-3], pharmaceutical screening [4,5] and drug manufacturing [6,7]. Among 3D fabrication 

techniques, such as nano/micro fluidics [8,9], photolithography [10], electrospinning 

[11,12], and bioprinting [13,14], extrusion-based 3D bioprinting has been widely used since 

it is a facile, rapid manufacturing process and viable cells can often be encapsulated during 

the printing process [15]. Recently, a variety of bioinks have been developed for the 

extrusion-based printing of cell-laden constructs [15]. These are mostly fabricated from 

hydrogels due to their high water content and properties that mimic aspects of the 

extracellular matrix (ECM) [16]. To date, hydrogel inks typically consist of natural (e.g., 

gelatin (GEL), hyaluronic acid (HA), alginate, chitosan, collagen, and decellularized 

extracellular matrices) [14,17-23] or synthetic (e.g., poly(ethylene glycol), pluronics) 

[24-26] polymers, which often include functional modification to support printability and 

shape fidelity of printed constructs.

There remain challenges to designing hydrogel inks for extrusion-based 3D printing. First, 

the inks should have low viscosity within the nozzle during extrusion, which is often 

facilitated through shear-thinning properties. A recent study demonstrated a relationship 

between rheological, thixotropic properties of hydrogels and 3D printability [27]. Second, 

the inks should be temporally aged for stabilization to improve shape fidelity of the printed 

constructs. Additionally, these processes should be cytocompatible, including limiting shear 

forces on cells and maintaining nontoxic crosslinking processes. Thus, to meet these criteria, 

it is important to control the crosslinking, as the crosslink type (e.g., covalent, non-covalent) 

and gelation kinetics control injectability during extrusion, as well as dictate the hydrogel 

physicochemical properties after printing.

One of the most commonly explored systems is covalent crosslinking of modified polymers 

via photo-induced radical polymerization with ultraviolet (UV) irradiation, such as with 

gelatinmethacrylamide (GEL-MA) bioinks [14,23]. However, the printing of GEL-MA-

based bioinks requires a gelatin concentration higher than 7–15% [14], resulting in high 

stiffness of the constructs and decreased cellular activity. In addition to covalent 

crosslinking, non-covalent, ionic bonds (e.g., alginate-Ca2+ interactions) are widely used for 

gelation with a coaxial nozzle apparatus or spraying system of the crosslinker [28], but the 

dissociation of such ionic bonds often occurs within several hours and can limit stability 

[29]. Recent approaches have focused on using dynamic, reversible bonds for shear-thinning 

and irreversible covalent bonds for stable network formation [17,30,31], such as with host-

guest interactions (e.g., cyclodextrin-admantane complexes) [30] or reversible covalent 

bonds (e.g., aldehyde-hydrazide) [31].

Here, we developed a hydrogel ink based on ECM components (e.g., HA, GEL) modified 

with gallol moieties that permit control over crosslinking for 3D bioprinting. Gallol 
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moieties, aromatic rings with three hydroxyl groups, are anti-oxidant chemicals found in a 

variety of plants, fruits, vegetables and nuts [32]. In food science, gallols have been known 

as polyphenols associated with rapid fruit browning phenomena [33] and astringency of fruit 

peels [34,35]. Along with mussel-inspired catechol chemistry (e.g., aromatic rings with two 

hydroxyl groups), gallol-modified polymers are being developed as tissue adhesives [36,37] 

and protein-encapsulated depots [38,39]. Tannic acid, which presents numerous gallol 

groups, has also been incorporated into biomaterials and exhibits high affinity to 

biomacromolecules, DNA [40] and proteins [39].

In our design, we prepared gallol-modified HA (e.g., HA-Ga) and gelatin-gallol (e.g., GEL-

Ga) that (i) gels when mixed through non-covalent hydrogen bonding between gallols and 

protein backbones and (ii) slowly covalently crosslinks through a spontaneous oxidation 

process. Our previous study demonstrated shear-thinning properties of gallol-abundant 

hydrogels [38], which presented high concentrations of small gallol chemicals that could 

potentially be toxic to cells [41]. In contrast, the use of gallol-modified ECM components in 

this study enabled both stable crosslinking between gallols and polypeptides, despite only 

small molar amounts of gallols incorporated, and high viability of encapsulated cells. 

Towards the development of a unique hydrogel ink for biomedical applications, this material 

system was explored for 3D extrusion-based printing and for direct printing onto tissues to 

exploit its adhesive properties.

2. Materials and methods

2.1. Materials

Sodium hyaluronate (HA; Molecular weight (MW) 151–300 kDa) was purchased from 

Lifecore Biomedical (U.S.A.). Gelatin from porcine skin (Type A, Bloom number of ~300 

g), N-(3-Dime thylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), 5-hydroxydopamine hydrochloride (MW 205.64), Folin and 

Ciocalteu’s phenol reagent (with a concentration of 2 M), urea (with a stock concentration of 

8 M), cardio-green, rhodamine B, and bovine serum albumin (BSA) were obtained from 

Sigma-Aldrich (U.S.A.). In addition, Dulbecco’s Phosphate-Buffered Saline (DPBS, pH 7.4) 

and Dulbecco’s Modified Eagle’s medium (DMEM) were purchased from Gibco Life 

Technologies (U.K.).

2.2. Synthesis and characterization of gallol-modified hyaluronic acid (HA-Ga) and gelatin 
(GEL-Ga)

To prepare both gallol-modified polymers, EDC/NHS coupling reactions were performed at 

pH 4.5–5.0. For synthesis of HA-Ga, HA (50 mg) was dissolved in Milli-Q water (9 mL). 

EDC (126 mg, 5 molar equivalents to the carboxyl group of HA) was added to the HA 

solution and incubated under stirring for 10 min. Subsequently, NHS (152 mg, 10 molar 

equivalents to the carboxyl group of HA) was added to the HA/EDC solution. After stirring 

for 20 min, 5-hydroxydopamine solution (108 mg, dissolved in 1 mL of Milli-Q water, 4 

molar equivalents to the carboxyl group of HA) was added drop-wise into the 

HA/EDC/NHS mixture and reacted for 6 h. The solution was then dialyzed in 2-(N-

morpholino)ethanesulfonic acid (MES) buffer (17 mM, pH 4.5–5.0) containing 150 mM 
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NaCl for 2 days and distilled water alone for 4 h to remove unreacted 5-hydroxydopamine, 

EDC, and NHS, using a regenerated cellulose dialysis membrane (6000 – 8000 Da). The 

final product was obtained after lyophilization.

For preparation of GEL-Ga, gelatin (100 mg) was dissolved in Milli-Q water (10 mL) for 1 h 

at 40 °C. Similar to the synthesis of HA-Ga, EDC (115 mg) was added to the gelatin 

solution. After activation for 10 min, NHS (138 mg) was added to the gelatin/EDC solution. 

After 20 min, 5-hydroxydopamine (50 mg) was slowly added to the gelatin/EDC/NHS 

solution, and the reaction was carried out for 6 h at 40 °C. Thereafter, unreacted 5-

hydroxydopamine, EDC and NHS were removed by dialysis (6000–8000 Da) in 150 mM 

NaCl (pH 4.5–5.0) at 50 °C for 5 days and distilled water for 4 h. The final product was 

obtained after lyophilization.

To evaluate the degree of gallol conjugation, Folin and Ciocalteu’s phenol assay [42] and 

proton nuclear magnetic resonance (1H NMR) spectroscopy analysis were performed. For 

the Folin and Ciocalteu’s phenol assay, HA, HA-Ga, gelatin, or GEL-Ga was dissolved in 

Milli-Q water at a concentration of 5 mg mL−1. Each solution (20 μL) was added into a 96-

well clear UV-transparent microplate (Corning, U.S.A.). Folin and Ciocalteu’s phenol 

reagent (2 M) was diluted ten-fold with Milli-Q water to a final concentration of 0.2 M and 

the diluted reagent (100 μL) was added to each sample well. Afterwards, 80 μL of 1 M 

NaOH was added to the well, and the samples were incubated for 2 h at room temperature. 

After the incubation, absorbance at 750 nm was measured using a microplate reader (Tecan 

Infinite M200, Switzerland). The gallol standard curve (A750) was established by measuring 

the absorbances of 5-hydroxydopamine solutions ranging in concentrations from 0.068 to 

0.54 mg mL−1. In addition, 1H NMR spectra (DMX 360, Bruker, Billerica, MA, U.S.A.) 

were obtained using HA-Ga (10 mg) dissolved in 600 μL of deuterium oxide (D2O; Sigma-

Aldrich) and GEL-Ga (18 mg) in D2O (1 mL).

2.3. Preparation and mechanical testing of ECM-mimetic gallol hydrogels

ECM-mimetic gallol hydrogels were prepared by simply mixing HA-Ga solution (25 mg mL
−1, dissolved in DPBS) and GEL-Ga (100 or 200 mg mL−1, dissolved in DPBS) at a final 

mass ratio of 1:0, 1:1, or 1:2 (HA-Ga:GEL-Ga). In addition, mixtures at low concentrations 

of HA-Ga (0 or 20 mg mL−1) and GEL-Ga (200 mg mL−1) were prepared. For spontaneous 

gelation, the mixture was vigorously vortexed for approximately 2 min. Furthermore, for 

aged hydrogels, gallol hydrogels with a ratio of 1:2 were incubated for 24 h at room 

temperature.

Initial gelation of HA-Ga and GEL-Ga and rheological properties of hydrogels after aging 

were examined using an AR2000 stress controlled rheometer (TA Instruments, U.S.A.) with 

a 20 mm diameter cone and plate geometry and gap size of 26 μm. The rheological 

properties were measured at 37 °C under frequency sweeps ranging from 0.01 to 10 Hz 

(0.5% strain). As controls, other combinations, such as HA/gelatin, HA-Ga/gelatin, and HA/

GEL-Ga, were prepared in the same manner as the gallol hydrogels (e.g., final mass ratio of 

1:2, HA-Ga:GEL-Ga). To demonstrate shear-thinning behavior, the shear viscosity of the 

gallol hydrogels was measured in continuous flow with shear rates from 0.01 to 100 s−1. 

Moreover, the self-recovery properties of hydrogels were evaluated under cycling of 
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intermittent strains of 0.5 and 1000% for hydrogels early after mixing and 2000% for 

hydrogels aged for 24 h. Each step was continued for 5 min at 1 Hz frequency.

Gallol hydrogels (50 μL, at a final mass ratio of 1:2, HA-Ga:GEL-Ga) with a cylindrical 

shape were prepared in a syringe with an inner diameter of 4.76 mm. Compression testing 

was performed on a Dynamic Mechanical Analyzer (TA Instruments, Q800, U.S. A.). The 

hydrogels (initial hydrogels after mixing of 2 min or aged hydrogels after 24 h) were 

retained within a fluid cup under a 0.01 N pre-load and were subsequently compressed until 

failure at a rate of 0.5 N min−1. Young’s moduli were calculated as the slope in the linear 

range between 10 and 25% strain.

2.4. In vitro erosion test of gallol hydrogels after aging

For in vitro erosion analysis of the gallol hydrogels, hydrogels (50 μL, at a final mass ratio 

of 1:2, HA-Ga:GEL-Ga) with a cylindrical shape were prepared in a syringe similar to those 

above. The initial mass of hydrogels was measured and the hydrogels were incubated in 

DPBS (pH 7.4, 2 mL) supplemented with 10% BSA at 37 °C. Hydrogel masses were then 

measured after 1, 2, 4, 6, 8, 10, 12, and 14 days, and the relative mass change (× fold) was 

calculated as the remaining hydrogel mass divided by the initial mass.

2.5. Gelation mechanism studies for gallol hydrogels

To better understand the gelation and crosslinking mechanisms involved in fabricating gallol 

hydrogels, oscillatory rheology, attenuated total reflection infrared (ATR-IR) spectroscopy, 

and ultraviolet/visible (UV/vis) spectroscopy were used. For rheological testing, three 

different types of gallol hydrogels were fabricated, including HA-Ga and GEL-Ga dissolved 

in Milli Q water, DPBS alone, and DPBS containing urea (1 M). The rheological properties 

of these gels were monitored at 0.5% strain (37 °C) under frequency sweeps ranging from 

0.01 to 10 Hz. In addition, for ATR-IR analysis, HA-Ga (2 wt%, 200 μL), GEL-Ga (2 wt%, 

200 μL), and the mixture of HA-Ga and GEL-Ga with a final mass ratio of 1:1 were 

lyophilized for one day. The IR spectra of all samples were measured using a Nicolet 6700 

FT-IR spectrometer equipped with an ATR accessory (Thermo Fisher Sci., U.S.A.). For 

UV/vis absorption tests, HA-Ga (1.25 mg mL−1), GEL-Ga (1.25 mg mL−1), and the mixture 

(each with a final concentration of 1.25 mg mL−1) were prepared in Milli Q water or DPBS. 

In a 96-well microplate, HA-Ga, GEL-Ga, and the HA-Ga/GEL-Ga mixture with a final 

mass ratio of 1:1 were set at the same volume of 200 μL, and absorbances at 420 nm (A420) 

were measured using a microplate reader (Tecan Infinite M200, Switzerland) at pre-

determined time intervals of 0.5, 1, 2, 4, 8, and 24 h.

2.6. 3D printing for line and lattice construction

For 3D printing, we immediately loaded 60–80 μL of the gallol hydrogels with a final mass 

ratio of 1:2 (e.g., HA-Ga:GEL-Ga) and total polymer concentration of 6 wt% into syringes. 

To remove air bubbles, gallol hydrogel-loaded syringes were centrifuged at 1000×g for 3 

min. To visualize printed filaments, rhodamine B (3 μL, 20 mg mL−1) was added to the HA-

Ga solution before adding GEL-Ga. Printed filaments were fabricated via a stepper motor-

driven piston-based nozzle and a modified extruder on a commercial 3D Fused Deposition 

Modeling printer (Revolution XL, Quintessential Universal Building Device). 3D printing 
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was performed as a function of time after mixing, with printing times of 0.5, 1, and 2 h. 

Two-layer lattices with dimensions of 0.8cm × 0.8 cm for each layer were generated by 

standard software to generate G-code (Slic3r) and to control hardware (Repetier). Cover 

glass (2.2 cm× 2.2 cm), sliced pieces of porcine heart (myocardium), and sliced pieces of 

porcine lung tissue were used as substrates for printing. The printability of the ink with a 

total concentration of 4 wt% at an equal mass ratio was also investigated. Finally, 

constructed lattices and filaments (in air or in DPBS with 10% BSA) were observed using an 

epifluorescence microscope (Olympus BX51, Japan).

2.7. Cell encapsulation and cell viability after printing

For cell studies, all materials were used after sterilization by irradiation for 30 min with a 

germicidal lamp. Prior to printing, NIH 3T3 fibroblasts were cultured in DMEM 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. After the cells 

were washed using sterilized DPBS containing 0.5% penicillin/streptomycin and trypsinized 

(0.05%), the cells were resuspended in HA-Ga solution at a final concentration of 5 × 106 

cells mL−1. Subsequently, GEL-Ga solution was added into the cell-laden HA-Ga solution, 

with gentle mixing prior to printing.

To investigate cellular viability after printing, a Live/Dead assay kit (Thermo Fisher Sci., 

U.S.A.) was utilized at culture times of 0, 1, 2, 3, 4, and 6 days after printing. Cells 

encapsulated in printed constructs were stained with calcein AM (2 μM)/ethidium 

homodimer (4 μM) working solution (200 μL) for 1 h and observed using an epifluorescence 

microscope (Olympus BX51, Japan). In addition, the number of live or dead cells was 

analyzed using ImageJ software, and cellular viability (%) was calculated as follows.

Cell viability ( % ) per field ( × 4 magnitude)
= Live cells

Total live and dead cells × 100

Relative cell density (× fold) of the live cells was also calculated by normalizing to the cell 

number observed at one-day of culture. Furthermore, cellular morphology was observed at 

20× using an epifluorescence microscope. The projection area (μm2) of cells was analyzed 

using ImageJ software. To analyze single cell shapes, cells were fixed with 10% formalin for 

30 min and stained with rhodamine-phalloidin for 1 h (diluted 1:100, Thermo Fisher Sci., 

U.S.A.) to visualize F-actin and Hoechst stain for 40 min (5 μgmL−1, Thermo Fisher Sci., 

U.S.A.) to visualize nuclei. Cell morphology was visualized with high magnification (×63) 

using confocal microscopy (Leica TCS SP5, Germany).

2.8. Adhesive strength measurement of gallol hydrogels alone and as inks

To measure the adhesive strength of gallol hydrogels (at 1:2 mass ratio and 6 wt%), 

polydimethylsiloxane (PDMS) substrates were prepared (1 cm× 5 cm, thickness of 5 mm). 

One drop of gallol hydrogel macromer solution or non-gallol solution (HA/GEL mixture at a 

mass ratio of 1:2) was applied onto a substrate area of 1 cm× 1 cm with overlapping pieces 

of PDMS. After overnight incubation, uniaxial tensile testing was performed (Instron 5848, 

U.S.A., 10 N load cell), where stresses were exerted on hydrogels via the extension of 

Shin et al. Page 6

Acta Biomater. Author manuscript; available in PMC 2021 January 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PDMS substrates at a rate of 5 mm min−1 until failure of the adhesive-adhered interface was 

observed. To evaluate the tissue adhesive strength of printed gallol inks (at 1:2 mass ratio 

and 6 wt%), two-layer lattices (0.8 cm× 0.8 cm, 9 lines for each layer) were printed onto 

porcine myocardium in the same manner as above (Section 2.6) and a block of myocardium 

tissue (0.8cm × 0.8cm × 3 cm) was placed on top and incubated for 4 h. Tensile testing was 

performed as described above on overlapping tissue substrates with a 5 N load cell and an 

extension rate of 5 mm min−1. As control groups, non-gallol solutions and PBS were used at 

the same volume (~25 μL) as printed lattices to overlap tissue substrates. For all of the 

samples evaluated via tensile testing, the load (N) and the extension (mm) were recorded 

(Instron Blue- hill software) and the final adhesive strength (kPa) was calculated as the 

maximum load (kN) divided by the sample cross-sectional area (m2).

2.9. Statistical analysis

All statistical analysis was performed using Graphpad Prism 7 software. All data (mean ± 

s.d.) are in triplicate or more. Comparisons between two groups were performed by un-

paired t-tests, and data for multiple groups were compared using one-way analysis of 

variance (ANOVA), post-hoc testing with p value < 0.05 indicating statistical significance.

3. Results

3.1. Formation of gallol ECM hydrogels and their rheological characterization

The general approach for the formation of gallol ECM hydrogels involves the mixing of 

gallol-modified ECM components (e.g., HA and GEL) to form hydrogels that have temporal 

properties that vary from short-term (where hydrogen bonding drives association) to long-

term (where oxidative covalent crosslinking drives association) (Fig. 1). For preparation of 

the gallol ECM hydrogels, HA and GEL were modified with 5-hydroxydopamine 

hydrochloride via EDC/NHS coupling reaction [38].

The degrees of gallol conjugation to each polymer, HA-Ga or GEL-Ga (Fig. S1A), were 

determined by Folin and Ciocalteu’s phenol assay (Fig. S1B) and 1H NMR spectroscopy 

(Fig. S1C and D). The Folin and Ciocalteu’s phenol assay is a standardized colorimetric 

assay for measuring the total amount of polyphenols based on their antioxidant behavior in 

food and plant sciences [42]. In this colorimetric assay, phenolic compounds are oxidized in 

alkaline condition, and the phosphomolybdic/phosphotungstic acid complex is 

simultaneously reduced with a blue color change (750 nm). The absorbance (750 nm) of the 

HA-Ga (e.g., 100 μg) was 0.18 ± 0.02 (Fig. S1B), indicating conjugation of 11.0 ± 2.5%, 

whereas no colorimetric changes were observed in unmodified HA. In the 1H NMR 

spectrum of HA-Ga, proton peaks appeared at 6.3 ppm (a) for the aromatic protons of gallol 

groups (C2 and C6) and 2.8 ppm (b) for the four ethyl protons tethered to C5, indicating a 

conjugation of 14% when comparing the integration value of the ethyl protons (b) to that of 

the methyl protons (1.9 ppm) on the HA backbone (Fig. S1C). The unmodified GEL showed 

an intrinsic absorbance (750 nm) of 0.10 ± 0.01 due to phenol groups in the side chain of 

tyrosine [43], whereas the absorbance of GEL-Ga was 0.21 ± 0.01 (Fig. S1B). On the basis 

of the carboxyl groups in the side chains of aspartic acid and glutamic acid (e.g., 0.12 μmol 

of −COOH per 100 μg of GEL) [44], the conjugation in GEL-Ga was determined to be 15.0 
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± 2.9%. Furthermore, in the 1H NMR spectrum, the peak at 2.8 ppm (c) for the four ethyl 

protons tethered to C5 of gallol groups appeared (Fig. S1D). As a standard signal in the 

polypeptide backbone of GEL, the peak for the valine (Val), leucine (Leu), and isoleucine 

(Ile) side chains appeared at 1.3 ppm (18 protons) [44], which was used to calculate a 

conjugation of 13.9%, similar to the results of the colorimetric assay. Although the gallols 

have a high affinity to proteins [38,39], the GEL-Ga with a conjugation of only ~13–15% 

retained sol status at early times and did not show self-crosslinking in solution at 37 °C (e.g., 

a concentration of 4wt%) (Fig. S2).

Spontaneous gelation (storage modulus (G′) greater than the loss modulus (G″)) occurred 

with the mixture of HA-Ga and GEL-Ga, referred to as gallol ECM, within 2 min under 

physiological conditions (pH 7.4, 37 °C) (Fig. 2A). Other combinations, such as the mixture 

of unmodified HA/GEL or the modification of either component alone (HA/GEL-Ga or HA-

Ga/GEL) did not form hydrogels (G′ < G″). The G′ value of the gallol ECM hydrogels (1 

Hz) was 121.9 ± 7.8 Pa, whereas other groups were less than 5 Pa (Fig. 2B). The rapid 

gelation results from the gallol groups in both polymers being involved in non-covalent, 

reversible crosslinking of gallol-to-GEL (e.g., protein backbone) or gallol-to-gallol [38,39]. 

Gelation occurred in the gallol ECM at mass ratios of 1:1 and 1:2, but not with HA-Ga alone 

(e.g., 2wt%) (Fig. 2C), and the 1:2 formulation exhibited G′ values ~20 times higher than 

that of HA-Ga alone (Fig. 2D). We also tested gelation of the gallol ECM at a low 

concentration of HA-Ga (e.g., 1.6wt%), which resulted in mechanically weak hydrogels 

with a G′ value of 50.2 Pa (1 Hz) (Fig. S2).

Similar to our previous results [38], the gallol ECM hydrogel exhibited shear-thinning 

behavior due to dynamic hydrogen bonds among the gallol moieties and intermolecular 

interactions between gallol and gelatin backbones (Fig. 2E). This is illustrated through a 

general decrease in viscosity with increasing shear rate (0.05-100 s−1) [45]. Hydrogels with 

a mass ratio of 1:1 exhibited similar shear-thinning behavior at shear rates higher than 0.05 s
−1, yet the viscosity at shear rates lower than 0.05 s−1 decreased from ~850 Pa·s for that of 

1:2 hydrogels to ~250 Pa·s, potentially due to a decrease in crosslinking density [46]. The 

shear-thinning behavior of these gels is also qualitatively displayed via extrusion of the 

gallol ECM hydrogels through a narrow 25 gauge needle (inner diameter = 0.26 mm) (Fig. 

2F).

3.2. Temporal self-healing behavior of the gallol ECM hydrogels

In addition to immediate association with proteins via non-covalent hydrogen bonds [38,39], 

gallol groups will undergo auto-oxidation to hydroquinone with covalent crosslinking over 

several hours (~120 min) [47]. Thus, we expected that the dominant driving forces involved 

in gelation would temporally exchange, that is, from dynamic, non-covalent bonds for short 

times (e.g., 10 s to min) to covalent crosslinking for longer times (e.g., hrs to days). For 

comparison, we prepared gallol ECM hydrogels with a mass ratio of 1:2 and analyzed them 

immediately or after aging for one day at room temperature. As expected, the G′ and G″ 
values of the aged hydrogels were higher than those of the hydrogels tested immediately 

after gelation (Fig. 3A). Specifically, the G′ value (1 Hz) of the aged hydrogels was ~2.8 

times higher than that of the immediately formed hydrogels (Fig. 3B) and the Young’s 
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modulus increased from 1.5 ± 0.3 kPa to 2.3 ± 0.2 kPa with aging (Fig. 3C). There were 

minimal further changes in the hydrogel after 24 h aging (results not shown). These results 

indicate that the newly generated covalent bonds by auto-oxidation of gallols enhance the 

hydrogel crosslinking density, resulting in increased mechanical properties.

Beyond the mechanics, we assessed the self-healing properties of the gallol ECM hydrogels 

formed immediately (Day 0) or after one day of aging. For hydrogels tested within 30 min of 

gelation, rapid adhesion was apparent when pieces of hydrogel were placed together for 15 

min due to hydrogen bonding between pieces. However, after aging for one day, there was 

little adhesion between pieces during 15 min of incubation, likely since the gallol groups had 

undergone covalent bonding and were no longer available for interactions across the 

hydrogel pieces (Fig. 3D). The shear-thinning and recovery of gallol ECM hydrogels was 

also quantitatively measured under alternating oscillatory strain at a fixed frequency of 1 Hz 

for hydrogels formed immediately (Fig. 3E) or after one day of aging (Fig. 3F). For 

hydrogels tested immediately after gelation, rapid shear-thinning was observed when the 

shear was increased (from 0.5 to 1000%) and the hydrogels partially recovered up to ~55% 

when the strain was decreased (from 1000 to 0.5%). After 10 min, the G′ recovered back to 

~80% of the original value. In contrast, although the aged hydrogels exhibited shear-thinning 

when the shear was increased (from 0.5 to 2000%), there was a limited recovery of only 

11% when the strain was decreased (from 1000 to 0.5%). This is likely due to the fracture of 

covalent bonds during shear-thinning of aged hydrogels without a mechanism for rapid 

recovery. Although initially formed hydrogels present a certain degree of covalent bonds, 

dynamic, reversible bonds are still dominant in the gelation and recovery processes.

3.3. The physicochemical mechanism of the gallol ECM gelation

To better understand our proposed mechanism of temporal crosslinking – where immediate 

gelation largely results from dynamic, hydrogen bonds and further aging of gallol ECM 

hydrogels introduces further covalent crosslinking – we conducted a number of additional 

rheological and spectroscopic studies where crosslinking was perturbed. First, rheological 

experiments were performed using various solvents, including PBS, deionized water 

(DDW), and excessive treatment of urea (Fig. 4A). A change in the solvent (PBS versus 

DDW) alters the oxidation of gallols (e.g., formation of covalent bonds), meaning that only 

hydrogen bonds exist in early gelation with DDW; treatment with urea inhibits the formation 

of hydrogen bonds, meaning that only oxidative crosslinking is present. In particular, urea is 

known to disrupt hydrogen bonds in polysaccharides [48]. As expected, with DDW as a 

solvent (e.g., no buffering to neutral pH), gelation occurred (G′ > G″), but with G′ (1 Hz) 

decreasing to 34.4 Pa from the control of PBS at 135.8 Pa. Urea treatment (1 M) still 

permitted gelation, but also with a decreased G′ (1 Hz) of 32.6 Pa. Taken together, these 

results demonstrate that the gallol hydrogels prepared in PBS include both hydrogen bonds 

and some covalent bonds directly after mixing, which can be blocked using urea treatment or 

DDW, respectively.

ATR-IR spectroscopy was performed for solutions of HA-Ga and GEL-Ga, as well as the 

gallol ECM hydrogel of HA-Ga/GEL-Ga to better understand hydrogen bonding within the 

hydrogel system (Fig. 4B). Notable shifts appeared at the O─H stretching vibrational bands 
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and the strongest amide I peak obtained from HA and GEL backbones occurred when they 

were mixed. The O─H stretching vibration was centered at 3332 cm−1 for HA-Ga alone and 

3308 cm−1 for GEL-Ga alone. However, in the mixture of HA-Ga/GEL-Ga, the O─H band 

was dramatically shifted down to 3293 cm−1. Furthermore, the amide I peak (C═O stretch) 

was detected at 1607 cm−1 for HA-Ga alone, 1644 cm−1 for GEL-Ga alone, and 1632 cm−1 

for HA-Ga/GEL-Ga mixtures. The C═O peak shift of the mixture to a lower wavenumber 

might be attributed to hydrogen bonds between gallol and protein backbones, similar to 

previously observed spectral shifts in peptide/protein hydrogels arrayed by hydrogen bonds 

[49].

UV/vis spectral analysis was also used to investigate auto-oxidation of gallol polymers as a 

function of time (Figs. S3 and 4). The intrinsic absorption peak of the gallol dimers 

generated by auto-oxidation (e.g., gallol → hydroquinone) at 420–440 nm [47] was 

monitored for HA-Ga, GEL-Ga (Fig. S3) and the HA-Ga/GEL-Ga mixture dissolved in PBS 

or DDW (Fig. 4C). Considering the background absorption level of PBS alone (A420 = 

0.028), the absorbance of GEL-Ga dissolved in DDW was 0.046, indicating that within 15 

min GEL-Ga undergoes some degree of auto-oxidation (Fig. S3); during the synthesis of 

GEL-Ga (e.g., at high temperatures of 40–50 °C), there is a slight increase in oxygen radical 

formation such that auto-oxidation is induced [50]. The absorbance of the HA-Ga/GEL-Ga 

noticeably increased when PBS was used as a solvent rather than DDW, owing to enhanced 

auto-oxidation of gallols at neutral pH (Fig. 4C). The overall schematic for the mechanism 

of crosslinking with gallol chemistry is shown in Fig. 4D, where the gallol ECM polymers 

(HA-Ga, GEL-Ga) interact via hydrogen bonds mainly with amide polymeric backbones for 

initial gelation (left) and are subsequently aged via auto-oxidation (right), leading to 

increased mechanical properties.

3.4. 3D printing using the gallol ECM hydrogels and cytocompatibility

Utilizing the unique properties of the gallol groups, temporal shear-thinning and oxidative 

crosslinking, extrusion-based 3D printing was performed (Fig. 5A), including with 

encapsulated fibroblasts for culture up to 6 days (Fig. 6A). Fibroblasts are the most common 

cells in almost all connective tissues and were used here as a model cell for viability 

analysis. As expected, based on the crosslinking mechanism, shape fidelity of the printed 

filaments was dependent on gallol ECM hydrogel concentration and time from mixing (Fig. 

5B). Specifically, for good printability, the gallol ECM hydrogel ink was printed at a mass 

ratio of 1:2 (e.g., HA-Ga: GEL-Ga), a total concentration of 6 wt% and within 0.5 h of 

mixing, leading to stable filaments initially and after incubation in PBS with 10% BSA (Fig. 

5C). Other ink formulations exhibited moduli that were not high enough at low 

concentrations or too much covalent crosslinking at long times, both leading to 

discontinuous filaments. Heterogeneity in printed filaments was further observed during the 

extrusion and formation of lattice structures via the inclusion of fluorophores within 

filaments (Fig. 5D). However, when printing was performed within 0.5 h after mixing HA-

Ga and GEL-Ga, uniform flow of the gallol ink was maintained during extrusion, and the 

obtained lattice structure showed clear square shapes at the crossing of filaments. In contrast, 

filament flow while printing became slightly inconsistent at 1 h after mixing HA-Ga and 

GEL-Ga, and the heterogeneity of filaments further increased at 2 h.
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In addition to basic printability, printing shortly after mixing also showed improved cell 

viability when compared to longer times after mixing, potentially due to reduced shear 

forces on cells with lower crosslinking (Fig. 6B and C). When a cell-laden ink was printed 

within 0.5 h of mixing gel components, cell viability was high at 95.9 ± 1.9% and not 

statistically significant when compared to non-printed cells at 96.8 ± 0.6%. However, when 

printing was performed 1 or 2 h after mixing gel components, cell viability decreased to 78.6 

± 8.9% and 80.1 ± 4.2%, respectively. Thus, for subsequent experiments involving long-term 

cell culture in printed constructs, printing was performed within 0.5 h of ink preparation 

(e.g., Day 0 in Fig. 6E-G).

To better understand the performance of printed filaments in culture, hydrogel degradation, 

cell viability and spreading were monitored. After gelation, gallol ECM hydrogels initially 

swelled for 2 days and thereafter gradually degraded over 14 days (Fig. S4). This swelling 

and degradation increased the width of printed filaments over time (1100.7 ± 92 μm for Day 

1 to 2895.2 ± 178 μm for Day 6) (Fig. S5A). Cell viability decreased with 1 day of aging to 

73.6 ± 4.8%, but then increased to 92.5 ± 1.9% with further culture (Fig. 6D and E). In 

particular, the density of live cells increased by 1.5 times over six days of culture when 

compared to that of ‘Day 1’, likely indicating proliferation in the printed filaments (Fig. 

S5B). Additionally, cells transitioned from a rounded to spread morphology, likely due to the 

presence of adhesion and degradation sites in the filaments due to gelatin (Fig. 6F and G), 

whereas cells in HA hydrogels alone typically remained rounded [51]. Single cells with 

stained nuclei and F-actin also showed spreading at Day 6, which was distinct from the 

rounded morphology at Day 0 (Fig. 6F). Specifically, cell spread area increased from 102.0 

± 19.7 μm2 initially to 374.0 ± 104.9 μm2 at 6 days. Taken together, the gallol ECM 

hydrogel ink was successfully 3D printed with high cell viability and activity.

3.5. On-tissue printability and tissue adhesiveness of the gallol ECM hydrogel ink

One of the advantages of gallol modification includes tissue adhesiveness [36,37,40]. Thus, 

we expected that the gallol ECM hydrogel ink could be printable on tissue and that printed 

constructs would show adhesion to the tissue. Lung and heart tissues were chosen as model 

tissues to demonstrate the adhesion of the hydrogel inks for localization of printed constructs 

on tissues. Gallol ECM hydrogel inks were printed onto lung and heart tissues as examples 

(Fig. 7A). Owing to the adhesion of gallol filaments to tissue substrates, aligned filaments in 

one layer (top) or lattice structures consisting of two layers (bottom) were printed on each 

tissue and were stable to agitation. To better understand the adhesive strength of the gallol 

ECM hydrogel ink, printed hydrogels were used to adhere PDMS substrates (with 

dimensions of 1cm × 5 cm and thicknesses of 0.5 cm) together, which were then subjected to 

uniaxial tension (Fig. 7B and C). Testing was performed until failure and adhesive strengths 

were determined, clearly illustrating enhanced adhesive strengths for gallol-containing 

hydrogels (18.7 ± 2.4 kPa) and lower adhesive strengths for non-gallol-containing mixtures 

(12.3 ± 0.4 kPa) and PBS alone (10.7 ± 2.5 kPa, due to self-adhesion of PDMS itself). In 

addition, the tissue adhesive strengths of 3D printed gallol hydrogels were evaluated against 

tensile stress applied to myocardial tissues (Fig. 7D and E). Similar to the results of PDMS 

substrates, printed gallol ECM hydrogels showed an increase in tissue adhesiveness (1.4 ± 

0.3 kPa) over non-gallol mixtures (0.8 ± 0.1 kPa) and self-adhesion of the myocardium 
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tissue alone (0.7 ± 0.1 kPa). These results indicate gallol-derived adhesion properties, 

potentially achieving the enhanced localization of printed constructs onto tissues.

4. Discussion

There are numerous challenges to the development of biomaterial inks and those containing 

cells (e.g., bioinks) due to the requisite properties for extrusion-based printing and 

cytocompatibility of both the material and printing process. To address this, we designed and 

implemented a hydrogel system based on gallol modification of ECM components, 

particularly HA and GEL. This hydrogel exhibits temporal crosslinking, with shear-thinning 

properties early due to largely dynamic hydrogen bonding that dominates over covalent 

crosslinking, and stabilization over time due to non-dynamic oxidative processes. This 

process was well characterized through rheological characterization and fundamental 

spectroscopy studies, and 3D printing was conducted both without and with encapsulated 

cells.

To the best of our knowledge, only a few studies on gallol-modified polymers have focused 

on wet-resistant adhesiveness [36,37]. However, gallol-containing molecules are known for a 

strong binding affinity to proline-rich proteins via hydrogen bonds, resulting in astringent 

taste when interacting with salivary tissues [35]. Gelatin is also proline-rich [52], allowing 

us to hypothesize that gallol-modified polymers would crosslink with gelatin to form 

hydrogels. However, the intermolecular interaction of gallol-modified HA with gelatin alone 

could not form hydrogels (Fig. 2A), likely due to insufficient hydrogen bonding. Thus, the 

gallol modification was performed on both HA and gelatin, and as previously reported [38], 

immediate gelation occurred because of multiple non-covalent interactions between the 

polymers. In addition to non-covalent interactions of gallols, use of neutral buffer (PBS, pH 

7.4) enhanced auto-oxidation of gallols followed by gradual covalent crosslinking. As the 

ECM is a complex mixture of polysaccharides (HA and heparin sulfate) and proteins 

(collagen, fibronectin and laminin) physically entangled by hydrogen bonds [53], this 

approach can be used to mimic many characteristics of the ECM.

Towards bioprinting applications, the gallol ECM hydrogel ink could be incorporated into 

the printing process by simply mixing the two components. This gelation mechanism avoids 

the use of other additives for viscosity modulation or the use of photocrosslinking chemistry 

and introduction of radicals for stabilization of the printed structure. As cells are sensitive to 

their surroundings and processing steps, it is important to ensure that the conditions for 

gelation are mild. We found that bioprinted cell-laden gallol hydrogels exhibited high cell 

viability of ~95% and supported cell proliferation and spreading due to the incorporation of 

degradable ECM components. The gallol modification (~10–15%) enabled gelation using a 

low concentration of gelatin (both 2 and 4wt%), which is distinct from the high 

concentration (7–15wt%) for gelation of traditional gelatin-based bioinks. Considering the 

sensitivity of cells to the mechanical stiffness of materials [54], the gallol ECM bioinks 

could be tailored for a wide range of soft tissue applications.

Finally, gallol ECM hydrogel inks showed printability on tissue and the existence of gallols 

within the ink enhanced the tissue adhesiveness of printed structures. The ultimate goal of 
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these 3D fabricated scaffolds is to be implanted in vivo for the repair and regeneration of 

tissues [55], and implanted scaffolds should be located in desirable positions corresponding 

to damaged tissues. Thus, an increase in tissue adhesion through the use of gallol-modified 

bioinks would improve final localization of those structures in in vivo environments. ECM-

mimetic adhesive constructs using unique gallol formulations would suggest widespread 

applications for tissue repair, implant localization, and 3D modeling for pharmaceutical 

screening.

5. Conclusions

We have developed gallol-modified ECM hydrogel inks exhibiting early shear-thinning 

behavior, spontaneous covalent crosslinking, and tissue adhesion for 3D bioprinting. 

Hydrogels formed rapidly with simple mixing of gallol-modified HA and GEL at low 

concentrations (e.g., 6 wt%) by dynamic, non-covalent hydrogen bonds, which allowed 

extrusion for 3D printing. The hydrogel constructs then aged with enhanced mechanical 

properties by gradual oxidative crosslinking of gallol moieties without any external stimuli. 

When used as a cell-laden gallol-modified hydrogel ink, ~95% of loaded cells were alive 

after the 3D printing process, and both proliferation and spreading of cells were observed in 

printed constructs. The hydrogel ink was also printable onto tissue substrates, such as heart 

and lung, owing to the unique property of the adhesion of gallol groups to ECM, which 

could aid in implantation and localization of printed constructs. Thus, our finding for a new 

type of gallol hydrogel ink inspired by rapid fruit browning phenomena is a promising 

approach to fabricate a variety of 3D printed constructs targeting soft tissue repair.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic description of the formation and extrusion of gallol ECM hydrogels, with 

crosslinking inspired by rapid fruit browning chemistry. On short time-scales, the hydrogels 

are formed by dynamic hydrogen bonds that permit shear-thinning behavior, whereas on 

longer time-scales the auto-oxidation of gallol groups leads to stabilization by covalent 

bonds.
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Fig. 2. 
Mechanical characterization and extrusion of gallol ECM hydrogels immediately after 

mixing. (A) Frequency sweep (storage (G′) and loss (G″) moduli at 0.5% strain, 37 °C) and 

(B) G′ (1 Hz) of mixtures of non-gallol (hyaluronic acid (HA), gelatin (GEL)) and gallol 

(HA-Ga, GEL-Ga) polymers at 1:2 mass ratio and total concentration of 6 wt%. Gelation 

occurred only with the mixture of HA-Ga and GEL-Ga (inset photo of formed hydrogel). 

(C) Frequency sweep, (D) G′ (1 Hz), and (E) viscosity with increasing shear rate of the 

gallol ECM hydrogels with various HA-Ga:GEL-Ga mass ratios. (F) Macroscopic 

injectability of the rhodamine-containing gallol hydrogel (HA-Ga:GEL-Ga of 1:2) with a 25 

G needle.
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Fig. 3. 
Changes in mechanical properties and self-healing of the gallol ECM hydrogels with aging. 

(A) Frequency sweep (storage (G′) and loss (G″) moduli at 0.5% strain, 37 °C), (B) G′ (1 

Hz), and (C) Young’s moduli of gallol (HA-Ga, GEL-Ga) hydrogels at 1:2 mass ratio and 6 

wt% initially (Day 0) and 1 day after gelation. (D) Macroscopic self-healing of hydrogels 

initially (Day 0) and limited self-healing 1 day after gelation. The black arrows indicate the 

direction of physical forces (F) applied to the hydrogels. Evaluation of disruption and 

recovery of hydrogels (E) initially (intermittent strains of 0.5 and 1000%) and (F) 1 day after 

gelation (intermittent strains of 0.5 and 2000%). The black arrow in (E) indicates ~ 80% 

recovery of G′. The black arrow in (F) indicates a dramatic decrease of G′, corresponding to 

~11% of the original value with one round of increased strain. Unpaired t-test, *p < 0.05.
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Fig. 4. 
Physicochemical mechanism for the gallol ECM gelation. (A) Frequency sweep (storage (G

′) and loss (G″) moduli at 0.5% strain, 37 °C) of gallol (HA-Ga, GEL-Ga) hydrogels at 1:2 

mass ratio and 6 wt% formed in phosphate buffered saline (PBS, red symbols) or with either 

deionized water (DDW, green symbols), or treatment of urea (1 M, black symbols). (B) 

ATR-IR spectra of the gallol ECM (red), HA-Ga alone (blue), and GEL-Ga alone (black). 

(C) Normalized (to values at 15 min) absorption (420 nm) of the gallol ECM mixtures 

prepared in PBS (red) or DDW (green) as a function of time. (D) Proposed gelation 

mechanism of temporally changing hydrogen bonds of the gallols with amide backbones 

(left panel, blue dashed line) to covalent crosslinking via gallol auto-oxidation (right panel, 

red compounds).
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Fig. 5. 
3D printing of gallol ECM hydrogel inks. (A) Schematic illustration of the 3D printing 

where the ink transitions from a shear-thinning hydrogel during printing to one with 

mechanical stabilization via oxidation after the printing. (B) Printability of the gallol ECM 

ink with various concentrations (4, 6 wt%) and injectability as a function of the time after 

gel formation (0.5, 1, 2 h). Scale bars of 4 mm. (C) Morphology of a printed filament using 

the gallol ECM ink (1:2 mass ratio, 6 wt%) immediately after printing in air (top) and after 

30 min incubation in PBS with 10% BSA (bottom). (D) Representative images of printed 

filaments and printed lattice structures after 0.5,1, and 2 h. The black arrows show the 

irregular regions of the filaments and the white dashed lines indicate heterogeneous shapes 

within the lattices. Scale bars: 500 μm for C, D.
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Fig. 6. 
Cytocompatibility of cell-laden gallol ECM hydrogel inks. (A) Schematic description of the 

3D printing of cell-laden gallol ECM inks and subsequent cell culture. (B) Fluorescent 

images and (C) quantification of live (green)/dead cells (red) in non-printed bulk hydrogels 

or printed filaments as a function of time after gel formation. (D) Fluorescent images and (E) 

quantification of live (green)/dead cells (red) in printed filaments after one-day of aging 

(Day 1) and during culture (Days 2-6). White dashed lines for (B) and (D) are approximate 

filament boundaries. (F) Fluorescent images of live/dead (top) and confocal images showing 

nuclei (blue) and F-actin (red) (bottom) of cells in printed constructs after encapsulation 

(Day 0) and during culture (Days 1-6). (G) Quantified spreading of the cells in printed 

filaments. Scale bars: 500 μm for B, D; 100 μm for top images of F; 10 μm for bottom 

images of F. Dunnett’s test in conjunction with one-way ANOVA, n.s. (not significant), *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 7. 
On-tissue 3D printing and adhesion of the gallol ECM hydrogel ink at 1:2 mass ratio and 6 

wt%. (A) Schematics and images of printing of the gallol ink (containing blue food coloring 

dye) on porcine lung (top) and myocardium (bottom) tissues. Scale bars of 4 mm. (B) Force-

extension curves and (C) quantification of adhesive strengths for the tensile testing of gallol 

hydrogels used to adhere PDMS substrates. The inset schematic shows the sample design 

and the arrows within the curves indicate the detachment of the materials from the PDMS 

substrates. (D) Force-extension curves and (E) quantification of adhesive strengths for the 

tensile testing of printed gallol ECM hydrogel lattices used to adhere myocardial tissues. 

The inset schematic corresponds to the experimental design for testing and the arrows within 

the curves indicate the detachment of the lattices from the myocardial substrates. Sidak test 

in conjunction with one-way ANOVA, n.s. (not significant) and **p < 0.01.
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