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A B S T R A C T

Our research work proposes a dual crosslinking approach to address the limitations of the gallol-mediated auto- 
oxidation approach in bioprinting, where rapid oxidative crosslinking can cause premature gelation, leading to 
clogging or printing failure. We enabled a gallol hydrogel ink to be printable via extrusion-based 3D bioprinting 
by utilizing its temporal shear-thinning properties. By raising the pH level, interactions between gallol-modified 
hyaluronic acid methacrylate (HAMA-GA) can be triggered to form a weak hydrogel. This feature provides 
injectability and extrudability for the hydrogels. Subsequent photocrosslinking results in indefinite oxidative 
crosslinking. The oxidative coupling in HAMA-GA was partially inhibited by UV light during the photo
crosslinking step. As a result, the printed hydrogel formed a dual-crosslinked network containing both oxidative 
and photo-induced bonds, which contributed to enhanced structural stability over time. Our proposed approach 
addresses the challenges of gallol-mediated oxidation, including overgelation that hinders extrusion in 3D bio
printing, offering a promising solution for improved printability and shape fidelity. HAMA-GA ink was bio
printable at pH 5.5 using an extrusion-based 3D printer, showing cytocompatibility (~95 % viability). This 
strategy is valuable for designing hydrogel inks with tunable properties for 3D bioprinting while maintaining 
tissue adhesive properties of gallol moieties.

1. Introduction

The utilization of bioprinting is expanding across various fields, 
including basic tissue engineering, regenerative medicine, personalized 
medicine, and organ-on-chip technology [1]. Bioink, a crucial compo
nent of bioprinting, plays a significant role in fabricating suitable 3D 
scaffolds which are essential for creating more physiologically relevant 
in vitro models [2]. An optimal bioink should exhibit desired physico
chemical properties, encompassing appropriate mechanical, rheolog
ical, chemical, and biological characteristics [3]. The choice of printing 
technique relies on factors such as the biopolymers used, the cross
linking chemistry of the bioink, and the size and complexity of the 
intended scaffold [4]. In addition, the utilization of injectable hydrogels 
is expanding in applications from basic tissue engineering to 
organ-on-chip technology. Injectable hydrogels can temporarily adapt 
under stress and subsequently restore their original properties due to 
their self-healing properties [5]. The combination of injectability and 

self-healing properties in hydrogels offers high tunability for precise 
delivery with a narrow syringe [6].

In recent years, the introduction of mussel-inspired gallol moieties 
into bioink formulations has opened new possibilities in 3D bioprinting 
[7–10]. For instance, during in situ bioprinting in wound dressing, the 
presence of body fluids can complicate the surgical procedure, making 
wet adhesive properties of gallol-based bioinks crucial for effective 
wound sealing in wet conditions. These aromatic rings with three hy
droxyl groups have been used in bioink development, such as the syn
thesis of gallol-modified hyaluronic acid (HA-GA) and gelatin-gallol 
(GEL-GA) by Shin et al. [11,12] These polymers form a gel via 
non-covalent hydrogen bonding interactions between gallols and pro
tein backbones and undergo gradual covalent crosslinking facilitated by 
a spontaneous oxidation mechanism [12,13]. Another exciting devel
opment is the newly introduced bioink obtained from chitosan (CS) and 
gallic acid (GA) by Gwak et al. [14,15] The 3D printed scaffolds 
demonstrated remarkable shape accuracy, coupled with the 
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optimization of various printing parameters. The CS-GA hydrogel 
showed rapid formation under physiological pH conditions, eliminating 
the need for chemical crosslinking agents [14].

The integration of bioadhesive technologies inspired by mussel 
chemistry into bioprinting, has gained significant attention. However, 
numerous limitations have been reported with the gallol-mediated auto- 
oxidation approach, as existing literatures consistently highlight the 
challenge of controlling oxidative crosslinking [12,16]. These limita
tions include time-dependent oxidative crosslinking, leading to 
continued oxidation until maximum crosslinking is reached, which may 
disrupt tissue-adhesive properties due to the presence of o-quinones 
derived from the catechol ring. Moreover, the rapid oxidative cross
linking observed in gallol-functionalized polymers leads to a narrow 
printability window of less than 30 min, providing practical difficulties 
during printing [11,12]. To overcome these challenges, particularly the 
need for rapid stabilization in applications such as injectable hydrogels 
and bioinks, photocrosslinking is often incorporated to provide 
controlled crosslinking. This method improves fabrication flexibility, 
enabling rapid hydrogel stabilization upon UV exposure. Additionally, 
we leveraged the responsive interactions within HAMA-GA to form a 
weak hydrogel through pH elevation. Subsequently, the use of UV light 
inhibited the oxidative crosslinking of the gallol moieties while also 
forming covalent bonds, which stabilized the hydrogel structure. In 
addition, we balanced the adhesive and cohesive forces of the photo
crosslinkable gallol biomaterial ink. Rheological characterization was 
performed to study the material in both pre- and post-photocrosslinking, 
providing insights into the combined roles of oxidative crosslinking in 
gallol moieties and covalent bonding after photocrosslinking.

2. Materials and methods

Hyaluronic acid (HA, MW 100 kDa) was purchased from Lifecore 
Biomedical (Chaska, USA). Methacrylic anhydride (MA), gallic acid (GA, 
3,4,5-trihydroxy benzoic acid), hydrazine hydrate, 1-ethyl-3-(3- 
dimethyl aminopropyl)-carbodiimide hydrochloride (EDC), 1–hydroxy 
benzotriazole hydrate (HOBt), dimethyl sulfoxide (DMSO), and Irgacure 
2959 (I2959) were purchased from Merck KGaA, Darmstadt, Germany. 
Dialysis membranes used for purification were purchased from Spectra 
Por-6 (MWCO 3500). DI water (deionized water, Miele Aqua Purificator 
G 7795, Siemens) was used. Dulbecco’s phosphate-buffered saline 
(DPBS) was prepared in the lab. All solvents were of analytical quality. 
1H NMR analysis was carried out on an NMR spectrometer (SCZ500R, 
JEOL Resonance, Japan). Dulbecco’s modified Eagle’s medium 
(DMEM), Dulbecco’s modified Eagle’s medium/F-12, fetal bovine serum 
(FBS), penicillin− streptomycin− amphotericin B solution (P/S) and 
Dulbecco’s Phosphate-Buffered Saline (DPBS) and live/dead assay kits 
(488/570) were purchased from Fisher Scientific Oy, Finland. Human 
dermal fibroblasts (HDFB, P2, cell density of 5 × 105/mL) were pur
chased from Thermo Fisher Scientific, USA. All chemicals and reagents 
used were of analytical grade. All solutions were prepared with deion
ized (DI) water.

Synthesis and characterization of gallol-modified hyaluronic 
acid methacrylate (HAMA-GA) The synthesis and characterization of 
HAMA are described in SI (Figure S-1). As described in the previous 
studies, HAMA-GA was prepared through EDC coupling reactions [17,
18]. In brief, HAMA (400 mg) was dissolved in DI water (75 mL). HOBt 
(153 mg, 1.0 equiv.) was added to the HA solution, and stirring was 
continued until a homogeneous mixture was achieved. Gallic hydrazide 
(GH, 184 mg, 1 equiv.; synthesis details provided in SI Figure S-2) was 
dissolved separately in DMSO (25 mL). The GH solution was then added 
dropwise to the previously prepared reaction mixture while maintaining 
the pH at 4.75 using 1 M HCl and 1 M NaOH. EDC (184 mg, 1 equiv.) was 
added according to the 20 % modification degree of GA in HAMA and 
reacted overnight. The solution was then dialyzed against dilute HCl 
(pH = 3.5) containing 100 mM NaCl (6 × 2L, 48 h) to remove unreacted 
EDC and HOBt using dialysis membranes. The final white fluffy product 

was obtained after freeze-drying. 1H NMR spectroscopic analysis was 
used to quantify the degree of modification of GA in HAMA by observing 
the presence of a distinctive aromatic peak at 6.99 ppm of GA, and the 
degree of modification was determined to be around 20 %. 
Fourier-transform infrared (FTIR) spectra were collected using the ATR 
method on a PerkinElmer Spectrum One spectrophotometer (Perki
nElmer, Waltham, MA). Freez-dried samples were pressed onto the ATR 
crystal, with spectra recorded at 4 cm− 1 resolution, averaged over 16 
scans from 4000 to 400 cm− 1

Biomaterial ink formulations The lyophilized HAMA-GA (5 % w/ 
v) was dissolved in DBPS containing photoinitiator (I2959, 0.5 % w/v) 
at 37 ◦C and stirred until fully dissolved. The initial pH of the HAMA-GA 
precursor was 3.5, which was designated as the first ink formulation 
(HAMA-GA pH 3.5). The first ink formulation was then stored at 37 ◦C 
for 30 min to remove air bubbles before proceeding to the next formu
lation. The second ink formulation aimed to adjust the pH of HAMA-GA 
to 5.5 (HAMA-GA pH 5.5), while the third ink formulation aimed to 
adjust the pH of HAMA-GA to 7 (HAMA-GA pH 7). The pH of the second 
and third formulations was adjusted by adding 0.1 M NaOH dropwise 
and vigorously stirring until the desired pH was reached. Each ink 
formulation was subjected to three incubation time points: 0, 15, and 30 
min. Following incubation, the ink formulations were evaluated for 
oxidative crosslinking over time and flow behavior using a rotational 
rheometer (Discovery HR-2, TA Instruments Inc., USA). After pre- 
screening via rheology, the ink formulations were selected for 3D 
printing, following all the protocols from previous studies [18–21].

The gelation kinetics of oxidative crosslinked HAMA-GA inks To 
further understand the gelation kinetics, an ultraviolet–visible (UV–vis) 
spectrophotometer (Shimadzu UV-3600 plus UV–VIS–NIR spectropho
tometer) and a rotational rheometer were used to analyze the pH/time- 
dependent oxidative crosslinking in HAMA-GA inks. All measurements 
were carried out in triplicate.

For rheological testing, the instrument was equipped with parallel 
plate geometry. The gap between the plate and geometry was set at 2.5 
mm, and the measurement was performed at RT. The gelation kinetics of 
time and pH-dependent oxidative crosslinking were measured in fre
quency and time sweep. The established protocols were based on pre
vious works [17–21], where the frequency sweep was utilized to 
determine the sol and gel states of the samples, while the time sweep was 
employed to observe gelation time. Both protocols were performed to 
investigate the viscoelastic behavior of the inks by determining the 
storage (G′) and loss (G″) moduli. The sol and gel states were distin
guished by comparing the G′ and G″ values as follows: G” >G′ indicated a 
sol state, G” = G′ indicated a sol-gel transition, and G” < G’ indicated a 
gel state [17]. The frequency sweep was conducted over a range of 
0.1–100 Hz while maintaining a constant strain of 0.1 %. The time 
sweep was observed for a duration of 7000 s, with the frequency set at a 
constant of 1 Hz and the strain maintained at 0.1 %. For the gelation 
time of photocrosslinking, in situ photorheology was performed using a 
time sweep for 400 s, during which UV light (wavelength of 365 nm, 
intensity of 25 mW/cm2, BlueWave 50 UV curing spot lamp, DYMAX 
Corp., USA) was activated at 100 s.

To monitor the formation of o-quinone during oxidative crosslinking 
in HAMA-GA, analysis was performed using a UV–vis spectrophotom
eter (350− 700 nm). Each sample was prepared at a concentration of 0.5 
% w/v across the pH range of 3–7 by adding 0.1 M NaOH and trans
ferring it into a quartz cuvette. To investigate the photo-inhibition effect 
of HAMA-GA, the oxidized samples (pH > 5) were irradiated with UV 
light for 2 min and measured in a similar fashion.

Flow behavior and 3D printing of HAMA-GA hydrogels The flow 
behavior of the biomaterial inks was also assessed through rheological 
measurements at room temperature (RT). The samples underwent a 
shear rate sweep ranging from 0.1 to 100 s− 1 to measure viscosity over 
the range of shear rate. If the sample escaped from the geometry due to 
over-gelation, the instrument was adjusted to perform oscillatory mea
surements with frequency sweep to measure complex viscosity over the 
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angular frequency range of 0.1–100 rad/s. Shear thinning properties of 
the inks were obtained from viscosity curves. For critical strain mea
surement, the experiment was conducted using an amplitude sweep test 
with a strain ranging from 0.1 to 1000 % while maintaining frequency at 
1 Hz.

Printability assessment and 3D bioprinting of HAMA-GA inks 
The pre-screened formulations were selected for multi-layered grid 
printing using an extrusion-based 3D printer (Brinter® One, Brinter Ltd, 
Finland). The 3D printer was equipped with a standard pressure-driven 
control printhead and a UV light control module. The selected ink was 
slowly transferred to a UV-shielded 10 mL cartridge attached with a 250 
μm standard plastic tapered nozzle. The ink was printed onto a glass 
slide at RT using a printing speed of 6 mm/s. The pressure was adjusted 
until a uniform fiber was extruded from the 25G nozzle. Subsequently, 
the fiber width and printed constructs were captured using a mirrorless 
camera and an optical microscope. These images were then analyzed 
using image processing software (ImageJ). The printing parameters 
were readjusted before each printing session, which included z-height 
calibration, dispensing of photocrosslinked ink on the nozzle tip, and 
adjusting the printing pressure.

According to our previous works, the pre-screening of fiber quality 
was evaluated to ensure the coherent fiber formation (in the air) at each 
ink candidate: droplet, smooth and irregular fiber [21,22]. After print
ing, the fiber deposition on the glass slide substrate was evaluated by 
measuring the fiber width relative to the nozzle size, providing an 
assessment of the printing resolution [23]. After that, printability (PR) 
was determined based on established methods [24], which involved 
assessing the squareness of pores within the printed grid structure. The 
20 mm × 20 mm grid model with 15 % filling density was utilized as the 
standard grid model for PR value calculation. The PR value equal to 1 
indicates a perfectly square shape, resulting in high printing resolution, 
while PR < 1 indicates a circular shape and PR > 1 indicates an irregular 
shape. PR values lower or higher than 1 often result in poor printing 
resolution.

The oscillatory measurements and swelling studies of dual 
crosslinked HAMA-GA hydrogels HAMA-GA samples at pH 3.5, 5.5, 
and 7 were cast into a mold, then divided into two sets of hydrogels: 
plain oxidative crosslinked and dual crosslinked hydrogels. For plain 
oxidative crosslinked samples, casted HAMA-GA samples were incu
bated overnight at 37 ◦C, whereas dual crosslinked samples were irra
diated under UV light for 2 min (365 nm in wavelength and the intensity 
of 25 mW/cm2). All casted hydrogel samples were subsequently sub
jected to viscoelasticity measurement and swelling studies.

The viscoelasticity of hydrogels was measured at RT under frequency 
(ranging from 0.1 to 100 Hz, constant strain at 0.1 %) and amplitude 
sweep ranging from 0.1 to 100 %, constant frequency at 1 Hz). The re
sults were analyzed to determine G′ and G″ in the linear viscoelastic 
region (LVR) and critical strain, which represents the breaking point to 
evaluate the improvement of viscoelasticity at the end of the LVR.

The swelling studies were performed to investigate the stability of 
oxidative and dual crosslinked hydrogels. All hydrogels were immersed 
in 0.1 M phosphate-buffered saline (PBS) solution. The hydrogels were 
maintained at 37 ◦C ± 0.5 ◦C in a shaking incubator at 90 rpm until 
various time points (0, 1, 2, 3, 5, 7 and 15 d). The casted hydrogels were 
weighted after fully crosslinked in each crosslinking method and 
designated as zero time point and initial weight (W0). At a specific time, 
the hydrogel samples were removed and gently blotted with filter paper 
to remove the residual solution and weighted as Ws. The swelling ratio 
was calculated as Ws/W0.

Adhesiveness of HAMA-GA hydrogels A tack test was performed 
for oxidative and dual crosslinked HAMA-GA hydrogels using a rota
tional rheometer. The bioadhesion of hydrogels (n = 5, for each 
parameter) was investigated using in situ photocrosslinking and adhe
siveness in the axial direction. This established method has been pre
viously described in another study [17,25,26]. In brief, circular sheets of 
porcine muscle with a diameter of 12 mm were carefully prepared and 

glued between the geometry and the bottom plate. Subsequently, the 
HAMA-GA ink was cast into a 2.5 mm gap between two tissue sheets 
(upper and bottom plates) and allowed to oxidize for 30 min. For 
dual-crosslinking samples, UV light irradiation was conducted for 2 min 
to crosslink the sample. Following this, the geometry was lifted in axial 
motion at a constant rate of 20 μm/s, and the change in axial force was 
recorded upon detachment. An axial force curve was then fitted to 
observe the impact of photocrosslinking on the adhesive properties of 
the hydrogel in comparison to plain oxidative crosslinking.

Cell laden bioprinting and cell viability HAMA-GA bioinks were 
prepared in DI water (pH ~3.5) and DPBS (pH ~5.5 or 7). Prior to 
printing or casting, the precursor solutions were mixed at a 1:1 vol ratio 
with cell suspension (2 × 106 cell density/mL) in DMEM, resulting in a 
final bioink with adjusted pH closer to physiological conditions. 
Immediately after photocrosslinking, constructs were immersed in 
complete culture medium to ensure restoration of a neutral environ
ment. For cell studies, all materials and equipment were sterilized by UV 
irradiation for 30 min. All cell cultures were maintained in a cell culture 
incubator at 37 ◦C with 5 % CO2. Prior to preparing the cell-laden 
hydrogels, HDFBs were cultured in DMEM supplemented with 10 % 
FBS and 1 % P/S. Once the cells reached confluency in the flask, they 
were resuspended in HAMA-GA bioink formulation. A live/dead stain
ing assay was performed using the Live/Dead Cell Imaging Kit (488/ 
570), following the manufacturer’s instructions. Briefly, the DMEM was 
removed from the printed constructs. A working solution was then 
added, and the samples were incubated in the dark for 20 min. Imaging 
was performed using a fluorescence microscope (a Nikon Eclipse Ts 2) 
with a 10 × objective lens. Cell viability was determined by calculating 
the percentage of live cells (green) relative to the total number of cells 
(green and red). A minimum of six randomly selected images were 
analyzed using ImageJ software (n = 6 different spots on three con
structs). Cells that stained both red and green were not counted as live 
cells.

Statistical analysis All results were presented as the mean ± stan
dard deviation (SD). Statistical analysis was performed by MS Excel 
using one-way and two-way analysis of variance (ANOVA) with Bon
ferroni Post hoc test.

3. Results and discussion

The dual-or multi-crosslinking systems in hydrogels have been 
explored widely, which combine the advantage of crosslinking mecha
nism for enhanced hydrogel properties. For example, gelatin-gallol 
systems typically harness gelatin’s inherent thermosensitivity (for 
physical gelation) or its modifiability with methacrylates (for photo- 
crosslinking), alongside gallol properties for oxidative crosslinking, of
fering a versatile platform derived from an animal protein [11,20]. 
Similarly, chitosan-gallol systems utilize chitosan’s positive charge for 
ionic gelation or its chemical reactivity for photo-crosslinking, in 
conjunction with gallol-mediated oxidative bonds, often resulting in 
robust polysaccharide-based hydrogels [14]. The advantages of each 
previously reported gallol based hydrogel are summarized in Table S1. 
Our study introduces a novel HAMA-GA system, which distinguishes 
itself from other gallol-modified systems by integrating the excellent 
biocompatibility and native ECM properties of hyaluronic acid with 
both photo- and oxidative crosslinking, providing unique advantages in 
terms of gelation kinetics, printability, mechanical behavior, and 
cytocompatibility.

HAMA-GA ink formulations and their gelation kinetics The 
synthesis of HAMA-GA is shown in Fig. 1A. HAMA was prepared through 
the reaction of HA with methacrylic anhydride to obtain the meth
acrylated polymer with the modification degree of 30 % of the disac
charide repeating units as determined by 1H NMR spectroscopic analysis 
(Figure S-3-A). The modification degree was determined by integrating 
the olefinic peaks of the methacrylate group at δ = 6.12 and 5.68 ppm 
and comparing this value to the methyl peak of the N-acetyl group of HA 
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at δ = 1.95 ppm. Subsequently, HAMA was subjected to gallol conju
gation to achieve 20 % modification degree of gallol upon the HAMA 
backbone (HAMA-GA). The degrees of modification of GH were also 
determined by 1H NMR spectroscopy (Figure S-3-A, merged in HAMA- 
GA figure). Confirmation of GH conjugation in HAMA was achieved 
through the observation of distinct peaks at δ = 6.98 and 7.40 ppm, 
corresponding to the aromatic protons of GH (Figure S-3-B).

In general, the gallol group oxidizes to a quinone structure under 
highly basic conditions. The degree of oxidation of the gallol group is 
significantly influenced by the pH level and incubation time [17,18,27]. 
From previous studies, gallol-modified HA cannot form a true hydrogel 
due to insufficient levels of polymer modification, which limits oxidative 
crosslinking between the polymer chains [11,18]. Shin et al. achieved 
sufficient levels of intermolecular interaction to drive hydrogel forma
tion by combining gallol-modified HA with gallol-modified gelatin [12]. 
However, our HAMA-GA formulation exceeded a 20 % degree of 
modification, enabling oxidative crosslinking from a sol to a gel state 
under the influence of pH levels and incubation time [18]. In our system, 
the oxidative crosslinking exhibited time-dependent properties ranging 
from short-term crosslinking, where hydrogen bonding primarily facil
itates interactions between polymer chains, resulting in weakly 
extrudable hydrogels, to long-term crosslinking, where gallol oxidation 
drives covalent crosslinking, forming true hydrogels through oxidative 
coupling of gallols (Fig. 1B). In addition, further increases in pH to 7 and 
basic (7.5–8) or prolonged incubation time resulted in instant true 
hydrogels because the oxidative coupling forms efficiently under basic 
conditions, which cannot be used for bioprinting. Our findings of 
oxidative crosslinking in gallol-functionalized polymers align with pre
vious studies on gallol-modified gelatin and hyaluronic acid, where the 

crosslinking occurred to form true hydrogels over time. Subsequently, 
we hypothesize that application of UV light may serve as both a trig
gerable crosslinking system and a potential means to suppress oxidative 
coupling of gallols and o-quinone formation.

To further analysis of oxidative coupling of gallol based bioinks, FTIR 
spectroscopy was employed to investigate the oxidation (quinone for
mation) and oxidative coupling of gallic acid in HAMA-GA bioinks under 
varying pH conditions. The spectra of native HA, HAMA-GA, and 
HAMA-GA samples treated at pH 3.5, 5.5, 7, and 8 are shown in Fig. 3. 
The spectral region between 3000 and 3700 cm− 1 shows a broad band 
attributed to O–H stretching vibrations, which is particularly important 
for confirming the presence of phenolic hydroxyl groups introduced 
through gallic acid conjugation. In the native HA spectrum, this band 
appears relatively weak and narrow, reflecting only the intrinsic hy
droxyl groups in the polysaccharide backbone. Notably, the intensity 
and broadness of this O–H band vary with pH. At pH 3.5, the O–H stretch 
is especially intense and broad, suggesting that the phenolic groups 
remain largely unoxidized and that quinone formation is minimal. At pH 
5.5, the peak becomes narrower and less intense, indicating the oxida
tion of phenolic groups to quinones. However, at pH 7 and 8, the peak 
broadens and intensifies again, due to the onset of oxidative coupling, 
which regenerates phenolic hydroxyl groups and contributes to the 
formation of polyphenolic networks or crosslinked structures. The 
broadened O–H region at higher pH may also partially reflect the 
reduction of quinones back to phenols during coupling.

The 1600–1700 cm− 1 region corresponds to C=O stretching vibra
tions, characteristic of quinone groups. This region is relatively 
featureless in native HA. In contrast, HAMA-GA at pH 3.5 shows a clear 
but moderate peak, indicating early-stage quinone formation. At pH 5.5, 

Fig. 1. Design approach for the biomaterial ink (HAMA-GA) and the effect of pH variation (3.5–5.5). (A) The synthesis route of HAMA-GA involves a carbodiimide 
coupling reaction between HAMA and gallic acid hydrazide (GH). (B) The effect of temporal oxidation on the printability window. Initially, hydrogen bonding is 
formed, but with extended incubation, it transitions to covalent bond due to oxidative crosslinking. Exposure to UV light quenches oxidative coupling formation 
while simultaneously forming irreversible covalent bonds to stabilize the hydrogel.
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7, and 8, the C=O peak becomes more intense and broader, confirming 
enhanced oxidation of phenolic groups. At pH 8, the peak intensity is 
comparable to that at pH 7, suggesting a balance between ongoing 
quinone formation and oxidative coupling, which also contributes to the 
observed increase in the O–H region. Additional spectral features in the 
fingerprint region (1000–1500 cm− 1) support the presence of GA- 
related aromatic structures, with variations in peak shape and in
tensity reflecting pH-dependent structural transformations in the 
HAMA-GA network.

To study the crosslinking kinetics of oxidative crosslinking and 
photocrosslinking of HAMA-GA, the rheological characterization was 
monitored using a time sweep (Fig. 2A). All samples at pH 3.5 to 5.5 
behaved as viscoelastic fluids at the zero-time point, designated as a sol 
state, displaying G” > G′, and exhibiting Newtonian fluid behavior as 
shown in Fig. 2A and B. Moreover, the sample at pH 3.5 did not exhibit a 
sol-gel phase transition until the end of observation, suggesting the 
gallol did not initiate significant hydrogen bonding under these condi
tions [28–30] because oxidation of GA did not occur at acidic pH. In 
contrast, the oxidization of HAMA-GA at pH 5.5 initially provided weak 
viscoelasticity, with G′ being greater than G″ but G′ gradually increased 
over time. In addition, the results (Fig. 2A) revealed that the ink at pH 7 
showed immediate gelation to a gel state (G’ > G″). The formation of the 
quinone form and subsequent oxidative crosslinking were also investi
gated using UV–vis spectroscopy [31]. Fig. 2B also confirmed the 
different phases of hydrogels under different pH conditions. Specifically, 
the pH 3.5 samples exhibited behavior consistent with the Maxwell 
viscoelastic model, as evidenced by the observed crossover point in the 
frequency sweep. In contrast, pH 5.5 and 7 samples behaved more like 
viscoelastic solids (G’ > G”) [32]. Fig. 2C demonstrates that the degree 
of oxidation in the gallol groups varies with pH levels, ranging from 
acidic to basic, where the o-quinone peak was observed within the ab
sorption range of 400–500 nm. The intensity of the peak increased with 
higher pH levels.

Photo-inhibition effect of photocrosslinked HAMA-GA hydro
gels In general, the process of oxidative crosslinking, driven solely by 
the formation of o-quinone and its subsequent dimerization, either 
through changes in pH or during incubation, leads to the creation of 
irreversible covalent bonds [11,12]. This process reduces the cohesive 

force within the hydrogel, ultimately leading to brittleness [33]. In this 
study, we functionalized the gallol system with methacrylate groups 
which enable photocrosslinking and provide flexibility in controlling 
gelation time, as shown in Fig. 2D. Each sample was cured with UV light 
for 300 s. During the first 100 s, the samples were in a 
pre-photocrosslinked state (before UV exposure), with distinct rheo
logical properties observed at different pH levels. At pH 3.5, the low 
storage modulus (G′) indicated a sol state, while at pH 5.5, a sol-gel 
transition occurred, and at pH 7, the system formed a gel. After photo
crosslinking, a covalent network was established through the reaction of 
methacrylate groups, which further contributed to the pre-crosslinking 
state at each pH level. It was observed that as the pH increased, the 
photocrosslinking rate decreased, as evidenced by the minimal change 
in G′ after UV exposure. This reduction in photocrosslinking efficiency 
was attributed to the restricted movement of the polymer network 
caused by the formation of oxidative crosslinking prior to photo
crosslinking. In addition, photocrosslinking effectively quenched the 
oxidative crosslinking over time (Fig. 1) and induced a photo-bleaching 
effect, shifting the intense brown color of oxidation to a more 

Fig. 2. Gelation kinetics of oxidized HAMA-GA ink at different pH levels, over time, and under photocrosslinking conditions. (A) Time-dependent moduli of oxidative 
crosslinking in HAMA-GA at pH 3.5, 5.5, and 7. (B) Viscoelasticity of HAMA-GA at pH 3.5, 5.5, and 7 at zero-time point, varying degrees of oxidation, measured by 
frequency sweep. (C) UV–vis spectra illustrating pH-induced oxidative crosslinking. (D) Gelation of HAMA-GA via photocrosslinking, demonstrating the successful 
integration of methacrylate and gallol groups in a single ink.

Fig. 3. FTIR spectra of native HA and HAMA-GA at various pH values (3.5, 5.5, 
7 and 8). The spectral changes highlight pH-dependent shifts in chemical 
structure associated with gallol oxidation and crosslinking behavior.
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transparent color, as shown in Fig. 4A. The color intensity of gallol 
molecules increases with rising pH levels. However, after UV light 
exposure, the color reverts almost to its original tone. We also observed 
the photobleaching effect upon photocrosslinking due to the radical 
quenching phenomena in the presence of the photoinitiator [34]. This 
effect is also presumed to be influenced by the antioxidant properties 
inherent in gallol-based molecules and the oxygen inhibition effect in 
free-radical polymerization as we describe as the photo-inhibition effect 
[30,35]. Similar radical-inhibiting behavior of gallol and catechol 
groups has been observed in other hydrogel systems as well [36]. The 
results were confirmed by UV–vis spectroscopy, as evidenced by the 
reduction in the peak of o-quinone in the oxidized gallol group at pH 7 
and 8 after UV light exposure, as shown in Fig. 4B.

Flow behavior and printability assessment and 3D printing of 
HAMA-GA inks The flow behavior of the biomaterial ink at pH 3.5, 5.5 
and 7 was pre-characterized using a rotational rheometer to ensure 
appropriate viscosity and shear-thinning properties. Shear-thinning 
modulation induced by oxidative crosslinking processes modulate 
shear thinning properties, was accomplished through pH adjustment, 
increasing from 3.5 to 5.5. In Fig. 5A, the ink at pH 5.5 demonstrated 
high shear-thinning behavior on a short-time scale (15 min incubation 
time), displaying a decrease in complex viscosity as the angular fre
quency increased (from 0.1 to 100 rad/s). This behavior can be 
explained by the Cox-Merz rule, suggesting that the inks behaved like a 
weak gel state, as the gel tended to escape from the geometry under high 
centrifugal force [7]. These results were consistent with our previous 
studies on HAGA-HAMA blend biomaterial inks, where gallol-based 
polymers exhibited shear-thinning properties when oxidative cross
linking occurred among the gallol moieties at higher pH values [18]. 
Similarly, the result of oxidative crosslinking is in accordance with the 
narrow printability window due to the rapid oxidation of gallol moieties 
in the presence of oxidative coupling formation at basic pH [12]. 
However, the ink at pH 7 was unsuitable for printing because it imme
diately transitioned to a gel state, further narrowing the printability 
window. Additionally, the sample completely escaped from the geom
etry at high stress, as shown in Fig. 5B. In comparison, samples at pH 5.5 
maintained their cohesive force. They exhibited reduced storage moduli, 
while the samples at pH 3.5 did not change in viscosity (Fig. 5A) or 
storage moduli (Fig. 5B), regardless of the increase in angular frequency.

HAMA-GA at pH 5.5 was selected to be printed via an extrusion- 
based bioprinter. A time-dependent printability window was also 
established by printing the ink into multi-layered grid structures 
(Fig. 5C). In detail, the ink with zero incubation time exhibited a watery- 
like behavior, producing droplets that spread upon deposition on the 
printing bed. In contrast, an incubation time of 15 min provided smooth 
and consistent filament formation, representing the optimal incubation 
time. However, when the incubation time reached 30 min or more, the 
filament began to crosslink further, becoming irregular and prone to 
frequent nozzle clogging. The printed structures were photocrosslinked 

via UV light exposure to achieve dual crosslinking, forming both 
hydrogen and covalent bonds, to ensure long-term stability during 
multi-layer printing.

The analysis of printed simple one-layered lines with a target fila
ment width of 0.25 mm provides insights into the bioink’s print fidelity, 
consistency, and ability to maintain structure during extrusion and after 
deposition. Photographs in Fig. 6A show the printing outcomes of the 
control ink. Pluronic and HAMA-GA ink after 15 min (HAMA-GA, 15 
min) or over 30 min (HAMA-GA, 30 min) of temporal oxidation at pH 
5.5. Mean line length (Fig. 6C) and filament width (Fig. 6D) were 
measured to evaluate the dimensional accuracy [37]. The similarity of 
the printed Pluronic line length construct with the intended length of 20 
mm revealed its highly printable properties (Fig. 6C). Furthermore, 
although Pluronic’s filament width was considerably wider than the 
nozzle size, it was still closer to the nozzle diameter than the HAMA-GA 
inks. Pluronic also produces smooth filaments with a consistent width, 
and its Pr ′ 1 indicates perfectly square-shaped pores and, hence, ideal 
printability.

As expected, HAMA-GA at pH 5.5 without incubation (= without 
temporal oxidation) failed to produce fibers and started to spread during 
deposition on the printing substrate. This spreading occurs because the 
oxidative crosslinking has not yet had sufficient time to form. With 
shorter incubation times, the filament tended to spread after printing 
due to insufficient crosslinking. In contrast, longer incubation times 
resulted in excessive crosslinking, leading to irregular filament forma
tion. The HAMA-GA ink at pH 5.5 began to form smooth fibers after 
mixing for 15 min, leading to a Pr-value of 0.85, which indicates the 
fusion of stacked filament layers due to inadequate cross-linking. Its 
rather smooth filaments also swell remarkedly, leading to a major de
viation of the filament width from the nozzle diameter and longer fila
ment lengths than Pluronic or HAMA-GA, 30 min.

After 30 min of mixing, the HAMA-GA at pH 5.5 ink underwent 
temporal oxidative crosslinking but could still be printed. The filament 
length was similar to Pluronic, and the filament width was closer to the 
nozzle size and control ink than that of the HAMA-GA, 15 min. However, 
HAMA-GA, 30 min, produces filament with a rough surface owing to 
over-gelling of the material. This finding is also supported by the 
printability evaluation achieved by analyzing the pore circularity of 
two-layer grids (Fig. 6B). The printability value (Pr) of HAMA-GA, 30 
min, was Pr = 1.1, which suggests that the gel produces irregular pores 
and, hence, irregular filaments. As time passed, the ink transitioned 
slowly to a gel state on account of oxidative crosslinking and could not 
be extruded from the nozzle anymore.

These findings demonstrate that the temporal oxidation of HAMA- 
GA improves its printability and dimensional accuracy, with over 30 
min of oxidation yielding better structural fidelity compared to 15–30 
min, though challenges such as over gelation and filament irregularities 
remain. An incubation time of 15–30 min provides a very short print
ability window, which may compromise an optimal balance between 

Fig. 4. The illustration of how photocrosslinking inhibits oxidative crosslinking through the radical quenching effect. (A) The color bleaching was observed after UV 
light exposure of oxidized gallol moiety. (B) UV–vis spectra of photo-inhibition effect in HAMA-GA samples at pH 7 and 8 before and after UV light exposure.
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Fig. 5. Flow behavior and 3D printing of HAMA-GA inks. (A) The flow curves and storage moduli of the HAMA-GA biomaterial ink at pH 3.5, 5.5 and 7. (B) The 
storage moduli of HAMA-GA ink at pH 3.5, 5.5 and 7 (C) The time-dependent printability window for HAMA-GA at pH 5.5 was established by printing the ink into 
two-layered grid structures (0, 15 and 30 min). At t = 0, immediate swelling of the filaments was observed after printing; at t = 15, the filaments were smooth; and at 
t = 30, the filaments became irregular. Scale bars = 1 mm.

Fig. 6. The time-dependent printability window after 15 or 30 min of temporal oxidation was established for HAMA-GA at pH 5.5. (A) Printed single filaments and 
two-layered grid structures of Pluronic control ink and HAMA-GA ink after different oxidation times. (B) Printability (Pr) values of inks, (C) measured length of 
printed filaments and (D) measured filament widths. Scale bars either 1 mm or 4 mm.
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achieving sufficient crosslinking and maintaining smooth, consistent 
filaments for enhanced printability.

Cohesive and adhesive properties of dual crosslinking HAMA- 
GA In general, the incorporation of gallol moieties enhances tissue 
adhesiveness of hydrogels, particularly when triggered under basic pH 
conditions [18]. This phenomenon is observed in the mussel byssus, 
known for its wet adhesion to the rock surfaces in marine environments. 
The suitability of catechol chemistry at a pH ≈ 8 aligns with the slightly 
alkaline nature of seawater, thereby improving adhesion in such con
ditions [38]. In previous studies [17,18], gallol-modified HA alone 
exhibited adhesive strength ranging from approximately 1 to 1.5 kPa, 
due to the presence of gallol groups. These groups mimic the adhesive 
proteins found in mussel foot proteins, such as 3,4dihydrox
yphenylalanine (DOPA), which is a type of catechol [38,39]. In addition, 
several researchers have enhanced the wet adhesive strength by mixing 
catechol-containing groups with polymers containing free amino 
groups, such as chitosan and gelatin [11,12,40,41]. However, enhancing 
interfacial adhesion may compromise the cohesive force within the 
hydrogel because the gallol moieties reacts with the free amino group in 
the same polymers [42], leading to detachment over time [43].

In this study, our formulation involved modifying HA with methac
rylate groups to enable photocrosslinking to enhance adhesive strength 
and cohesive force. The adhesive strength is attributed to the interaction 
between the gallol moieties and surfaces containing free amino groups, 
such as tissue. Oscillatory measurements, including amplitude and fre
quency sweeps, were conducted to assess the enhancement of visco
elasticity in HAMA-GA resulting from the quenching of oxidative 
crosslinking by exposure to the UV light. Fig. 7A shows that HAMA-GA 
hydrogel samples with plain oxidative crosslinking immediately lost 
their storage moduli, resulting in the samples escaping from the geom
etry; perhaps on account of o-quinone formation. This is observed by the 
sudden drop in storage modulus value with increasing strain. On the 
other hand, dual crosslinked HAMA-GA hydrogels through oxidative 
crosslinking and photocrosslinking maintained their integrity and 
exhibited a gradual decrease in storage modulus with increasing strain. 
The frequency sweep measurement further confirmed the viscoelastic 
behavior of both hydrogel samples, exhibiting gel-like behavior 
observed by increased storage and loss modulus as the frequency 
increased, as shown in Fig. 7B.

To measure wet adhesive strength, a tack test was conducted using a 
rotational rheometer at different pH values (3.5, 5.5 and 7). HAMA-GA 

samples at pH 3.5 exhibited the lowest adhesive strength and storage 
modulus because oxidative crosslinking only initiates at pH 5.5 or 
above, resulting in insufficient crosslinking in contrast to HAMA-GA at 
pH 5.5 and 7 (Fig. 7C and D). On the other hand, the adhesive strength 
significantly improved from 0.12 ± 0.01 to 4.4 ± 0.3 kPa at pH 3.5 after 
photocrosslinking, while at pH 5.5, it improved from 0.56 ± 0.01 to 6.4 
± 0.3 kPa. The improvement in adhesive strength was derived from the 
additional formation of oxidative crosslinking and the gallol–amine 
synergistic interaction between hydrogels and tissues enhances the 
adhesiveness at pH 5.5, which were further crosslinked by UV light 
exposure. In contrast, HAMA-GA hydrogels at pH 7 maintained the same 
adhesive strength as the sample at pH 5.5. However, the adhesive 
strength of the dual crosslinked hydrogel at pH 7 significantly decreased 
because the formation of o-quinone during oxidative crosslinking dis
rupted radical polymerization, including photocrosslinking [25,31]. 
Even though the adhesive strength of dual crosslinking in HAMA-GA 
improved, the storage modulus was reduced compared to the gels at 
pH 3.5. In addition, the adhesive strength of pH 3.5 was less than at pH 
5.5 because of an increase in the cohesive force, which was 3.8 ± 0.1 
and 4.9 ± 0.3 kPa, respectively [44]. To better understand the proper
ties of the hydrogels, a swelling test was conducted over 15 days 
(Figure S-4). Upon immersion in DPBS, all hydrogels initially absorbed 
the solution and then gradually began to dissolve by day 3. As antici
pated, on account of oxidative crosslinking, gallol-modified HA alone 
(HAGA) began to degrade and lost its structure throughout the obser
vation period due to the instability of the oxidative crosslinking under 
aqueous conditions, whereas HAMA remained stable. Oxidative cross
linking, which relies on the formation of covalent bonds between gallol 
moieties, is susceptible to disruption when exposed to water, leading to 
the breakdown of the hydrogel network. Notably, HAMA-GA absorbed 
the solution, swelling up to 3–4 times its original size over the first 7 
days, after which it began to shrink gradually over time. The higher 
swelling ratio observed in the dual-crosslinked HAMA-GA hydrogel 
compared to HAMA alone is attributed to the presence of gallol moieties, 
which increase water retention due to their hydrophilic and dynamic 
nature. This does not directly indicate a lower crosslinking density, as 
the covalent network formed via photocrosslinking provides mechanical 
stability, while gallol oxidation enhances viscoelasticity and hydration. 
Therefore, the incorporation of gallol groups has also been reported to 
minimize shrinkage in collagen-based hydrogels, which is beneficial for 
maintaining dimensional stability in tissue engineering applications, 

Fig. 7. Cohesive and adhesive properties of HAMA-GA with and without dual crosslinking. (A) Viscoelasticity of HAMA-GA with amplitude sweep at pH 5.5, (B) 
Viscoelasticity of HAMA-GA with frequency sweep at pH 5.5, (C) Wet adhesive strength under different pH conditions (3.5, 5.5, and 7), and (D) Storage moduli under 
different pH conditions (3.5, 5.5, and 7). A Student’s t-test was conducted to determine statistical significance, with n.s. indicating not significant, and * representing 
significant with p < 0.01.
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which is reported in previous literatures, where gallol or catechol groups 
enhance water retention [11] and promote stimuli responsiveness in 
hydrogels [18]. Therefore, the combined crosslinking mechanisms in 
HAMA-GA hydrogels offer a balance of mechanical integrity, visco
elasticity, and swelling capacity suitable for bioprinting and hydrogel 
fabrication.

Bioprinting and cytocompatibility of HAMA-GA bioinks We 
exploited the oxidative crosslinking properties of HAMA-GA to enable 
the printability at pH 5.5. Extrusion-based 3D bioprinting was per
formed to print cell-laden bioprinted constructs, which were subse
quently cultured for 4 days. Fibroblasts, which are present in all 
connective tissues, were used as the standard model for cell viability 
analysis [45]. Bioink formulations were prepared at three pH levels: 3.5, 
5.5, and 7.0. Although the precursor solutions were prepared under 
mildly acidic conditions (pH 3.5 and 5.5), the final formulations were 
neutralized upon 1:1 mixing with cell suspension in DMEM. Addition
ally, full medium exchange post-crosslinking further restored physio
logical conditions. This is consistent with the literatures where 
short-term exposure to acidic precursors did not compromise cell 
viability or spreading [46,47]. As mentioned in the previous section, pH 
3.5 resulted in insufficient oxidative crosslinking; therefore, hydrogels 
were fabricated by casting instead of printing. In contrast, pH 5.5 
hydrogels exhibited an optimal balance of crosslinking kinetics and 
mechanical integrity, allowing successful extrusion-based bioprinting. 
At pH 7.0, hydrogels underwent rapid oxidative crosslinking, which 
limited their printability and caused nozzle clogging; therefore, hydro
gel fabrication was also performed using the casting method [12].

To evaluate the influence of pH on mechanical properties of hydro
gels and cell behavior, we assessed storage modulus (G′) and stress 
relaxation profiles of hydrogels prepared at pH 3.5, 5.5 and 7 on Day 1 
and Day 4, as shown in Fig. 8. In general, all groups exhibited a 
decreasing in G′ over 4 days, indicating the swelling and softening in 
hydrogel matrix during incubation (Fig. 8A). Hydrogels prepared at 3.5 
demonstrated highest storage moduli (G’ ≈ 8500 Pa), whereas hydrogels 
at pH 5.5 and pH 7 exhibited lower initial storage moduli (~3000–4000 
Pa). At Day 4, G′ decreased for all formulations, but the pH 7 hydrogel 
exhibited the highest storage modulus, suggesting that the oxidative 
crosslinking still occurred overtime. The stress relaxation analysis 
further provides more insightful of viscoelastic behavior of hydrogels 
(Fig. 8B). The hydrogel at pH 3.5 exhibited high normalized stress over 

the observation period, indicating poor stress relaxation due to insuffi
cient oxidative crosslinking, where photocrosslinking alone dominated 
the gelation process. On the other hand, both pH 5.5 and pH 7 hydrogels 
dissipated stress more efficiently, suggesting more dynamic and cell- 
responsive environments [48].

To further assess the mechanical properties and cytocompatibility of 
the hydrogels, experiments were conducted using both casting and 
printing methods with HAMA-GA formulations. First, we evaluated the 
acute effects on encapsulated cells within hydrogels exhibiting different 
stress relaxation profiles at pH 3.5, 5.5, and 7.0. For the pH 3.5 and pH 
7.0 bioinks, the cell-laden bioinks were extruded through a printing 
nozzle into 12-well plates and photocrosslinked to encapsulate the cells 
within the hydrogels. For the pH 5.5 bioink, the cell-laden bioink was 
printed directly into 12-well plates and then crosslinked. Cell viability 
was subsequently assessed using a live/dead assay on Days 1 and 4 
(Fig. 8C and D). Among all bioink formulations, only the pH 5.5 
formulation exhibited sufficient oxidative crosslinking kinetics and 
rheological characteristics to support extrusion-based bioprinting. To 
evaluate the cellular response within different hydrogel formulations, 
cell viability was assessed over 4 days of culture. On Day 1, cells 
encapsulated in the pH 3.5 hydrogel exhibited the lowest viability 
(~40–45 %), with most cells appearing rounded, consistent with a 
stiffer, less-relaxing matrix environment. In contrast, both pH 5.5 
(printed structure) and pH 7 (casted structure) supported higher initial 
viability, with values of approximately 70 % and 80 %, respectively, and 
more evident cell spreading. By Day 4, viability improved across all 
groups, and cells in all conditions transitioned from a rounded 
morphology to a more spread phenotype. Among the groups, the pH 5.5 
printed hydrogel showed the most extensive cell spreading by Day 4. 
Despite the initial acidic conditions of some precursor solutions, cell 
viability remained high across all groups, indicating that the 1:1 mixing 
with buffered DMEM and post-gelation medium exchange effectively 
maintained cytocompatibility. This trend is consistent with its moderate 
initial stiffness, rapid stress relaxation behavior, and suitability for 
extrusion-based bioprinting [49].

4. Conclusion

Our work utilized pH-responsive viscosity modulation and triggered 
photocrosslinking in gallol-modified hyaluronic acid (HAMA-GA) 

Fig. 8. Effect of pH on viscoelastic properties of HAMA-GA and cell viability on Day 1 and Day4 (A) G′ of hydrogels at pH 3.5, 5.5, and 7 on Day 1 and Day 4 (B) 
Stress relaxation behavior of hydrogels across different pH conditions, with pH 5.5 and 7 (C) Live/dead staining and quantified cell viability of hydrogels at pH 3.5, 
5.5, and 7 on Day 1 and Day 4. Hydrogels were fabricated via casting (pH 3.5, 7) and printing (pH 5.5). Green: live cells; red: dead cells. Data are shown as mean ±
SD (n = 3). p < 0.05 was considered significant. * = Day 4 vs Day 1 within the same pH; additional significance between groups is indicated. (D) Quantified cell 
viability on Day 1 and Day 4.
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biomaterial inks, enabling control over temporal properties that directly 
influence the printability. We found that at pH 5.5, HAMA-GA exhibited 
optimal shear-thinning behavior and printability, while higher pH levels 
resulted in immediate gelation unsuitable for bioprinting. Post-printing 
photocrosslinking significantly enhanced the stability and adhesive 
strength of the printed scaffolds by quenching the oxidation process and 
reducing brittleness. This dual crosslinking strategy effectively com
bines oxidative and photocrosslinking mechanisms, improving the 
cohesive and adhesive properties of the hydrogels. Lastly, the results 
also demonstrate that hydrogel formulations tuned at pH 5.5 provide an 
optimal balance of printability, viscoelasticity, and mechanical support 
for cell viability. In summary, the pH-responsive viscosity modulation 
and two-step crosslinking approach ensure stable, bioprintable hydro
gels, providing a versatile platform for developing a diverse library of 
bioinks for tissue engineering and regenerative medicine applications.
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enhance the printability of methacrylated gellan gum biomaterial ink for extrusion- 
based 3D bioprinting, Bioprinting 25 (2022) e00185, https://doi.org/10.1016/j. 
bprint.2021.e00185.

[20] H. Jongprasitkul, S. Turunen, V.S. Parihar, M. Kellomäki, Sequential cross-linking 
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