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Abstract

Rapid and accurate visible-light photopolymerization is essential for advancing bioprinted engineered tissues. In this study,
we developed a novel three-component photoinitiator system for visible light-induced crosslinking of gelatin methacryloyl
(GelMA) hydrogels, designed to improve polymerization kinetics, mechanical strength, and structural integrity. Incorpora-
tion of 2-bromoacetophenone (BAP) considerably accelerated photopolymerization, with reaction rates increasing alongside
BAP concentration, enabling the rapid fabrication of stable hydrogel scaffolds. Printing experiments confirmed that BAP pro-
moted fast crosslinking of GeIMA bioinks under visible light, reducing printing time while preserving high-resolution struc-
tural features. Additionally, the incorporation of BAP induced microscale structural transformations in the hydrogels during
hydration, as evidenced by scanning electron microscopy imaging and swelling analyses. This unique property enabled the
fabrication of multilayer constructs exhibiting time-dependent deformation, demonstrating four-dimensional (4D) printing
capabilities. Moreover, biocompatibility evaluations revealed that cells maintained high viability in BAP-containing hydro-
gels. Overall, the BAP-based photoinitiator system offers a promising strategy for high-speed, high-resolution bioprinting,
combining enhanced mechanical performance, reduced fabrication time, and dynamic structural adaptability—features that
make it highly suitable for advanced biofabrication and tissue engineering applications.
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1 Introduction

Hydrogels have attracted considerable interest as platforms
for a wide range of biomedical applications, including tissue
engineering and biosensing, owing to their ability to cross-
link under mild conditions. Their intrinsic biocompatibility,
combined with highly tunable biochemical and physical prop-
erties, makes them excellent candidates for constructing sup-
portive matrices in regenerative medicine and other clinical
settings. Furthermore, their versatile nature enables accurate
customization to replicate the biological microenvironment,
facilitating targeted tissue regeneration and improved bio-
sensor performance [1—4]. Stimuli-responsive hydrogels have
attracted increasing attention for their ability to undergo struc-
tural transformations in response to environmental triggers
such as light, temperature, and chemical stimuli [5, 6]. Light,
including ultraviolet (UV) and visible wavelengths, is con-
sidered an ideal external stimulus for controlling hydrogel
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properties owing to its unique advantages. Specifically, light
can (i) provide accurate on/off control, (ii) enable fine-tuning
of stimulus intensity for functional modulation, (iii) achieve
spatially and temporally resolved regulation of biological pro-
cesses in a wavelength-dependent manner, and (iv) target well-
defined regions with high accuracy [7-9]. These advantages
have led to the widespread adoption of light-based techniques
in biofabrication, such as stereolithography (SLA) and digital
light processing (DLP) bioprinting [10, 11]. Hydrogels used in
these approaches typically contain terminal or pendant alkene
groups that are electron-deficient and readily undergo cross-
linking reactions under photoinitiated conditions. Photocross-
linkable macromers are typically synthesized by reacting natu-
ral or synthetic polymers with methacrylation agents. This
modification enables the formation of stable covalent bonds
between polymer chains, resulting in a three-dimensional (3D)
network upon light exposure. Representative examples of such
hydrogels include polyethylene glycol diacrylate (PEGDA),
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gelatin methacryloyl (GelMA), and methacrylated hyaluronic
acid (MeHA) [12]. Various techniques are used to photo-
crosslink precursor macromer solutions into mechanically
stable hydrogels, including free radical polymerization, bioor-
thogonal click reactions, redox-based photocrosslinking, and
their combinations. Among these, light-initiated free radical
polymerization remains the most widely used approach for
forming covalent crosslinks between polymer chains. Its main
components include precursor macromer solutions, photo-
initiators, sensitizers, and light energy [13].

To induce photopolymerization or photocrosslinking in ac-
rylated systems, two main types of photoinitiators are com-
monly used. The first type operates through a free radical
chain mechanism, in which low-molecular-weight mono-
mers or prepolymers absorb UV or visible light to generate
highly crosslinked, chemically resistant films. This approach
yields durable and solvent-resistant materials [14]. Upon ir-
radiation at an appropriate wavelength, Type I photoinitia-
tors absorb photons and transition to a short-lived excited
triplet state, which subsequently undergoes homolytic cleav-
age to produce two free radicals. These radicals act as reac-
tive species that initiate the crosslinking process in hydrogel
networks. The radicals generated subsequently react with
the acrylated components of the hydrogel precursor, initiat-
ing a combination of chain- and step-growth reactions that
yield a stable, crosslinked polymer network. This network
is essential for producing mechanically robust hydrogels suit-
able for biomedical applications such as tissue engineering
and drug delivery [12, 15]. Among commonly used Type I
photoinitiators, Irgacure 2959 is well recognized for its fa-
vorable cytocompatibility in biological systems [6, 16]. More
recently, lithium phenyl-2, 4, 6-trimethylbenzoylphosphinate
(LAP) has gained prominence owing to its excellent water
solubility, fast polymerization kinetics, and compatibility
with both UV-A (365 nm) and visible (405 nm) light
sources [17]. The second class of photoinitiators functions
through an ionic polymerization mechanism, most commonly
cationic in nature. This approach offers key advantages, par-
ticularly its insensitivity to oxygen, and is frequently used
in ring-opening polymerizations such as the curing of epoxy
resins. The cationic pathway enables efficient polymeriza-
tion even under oxygen-rich conditions, which can otherwise
inhibit free radical processes, thereby broadening its appli-
cability across various systems [14]. In contrast to Type I
initiators, Type II photoinitiators—such as benzophenone/
tertiary amine pairs—operate through a more complex initia-
tion mechanism involving intermolecular interactions between
the excited photoinitiator and a co-initiator species. In these
systems, photoexcited benzophenone undergoes rapid elec-
tron transfer from the lone pair of the tertiary amine, followed
by a slower proton transfer that generates the H-donor radi-
cal required to initiate polymerization [14]. However, the over-
all polymerization efficiency of Type II systems is generally

lower than that of Type I photoinitiators, particularly in water-
based applications, owing to the bimolecular nature of the
process, competing back electron transfer, and the solvent
cage effect in aqueous environments [14, 18]. Although the
Type I photoinitiator LAP is highly water-soluble and exhib-
its strong molar absorptivity at 365 nm (¢~200 L/(mol - cm)),
its efficiency under visible light is considerably lower, with
much weaker absorptivity at 405 nm (e~30 L/(mol - cm)) [17].
In contrast, the Type II photoinitiator eosin Y (EY) demon-
strates excellent performance in the visible light range, with
high water solubility and a considerably higher molar absorp-
tivity (e>100 000 L/(mol -cm) at 515 nm), making it a more
attractive option for visible-light-driven applications com-
monly used in biomedical applications [19].

In our previous studies, the synthesis and characterization
of GeIMA bioinks—including their physical and biological
properties—were well established, with photocrosslinking
accomplished using a complex EY-based photoinitiator sys-
tem [8, 11]. While these conditions improved bioink print-
ability, the photocrosslinking process was slower compared
to UV-based systems, increasing the exposure of embedded
cells to free radicals and potentially compromising cell vi-
ability. Therefore, accelerating the photopolymerization pro-
cess became a priority. To address this, we developed a nu-
merical model to simulate the physical and chemical behav-
iors of these bioinks and predict the progression of photo-
crosslinking [12]. The model also offered insights into the
structural evolution of the hydrogel as crosslinking proceeded.

In this study, we evaluated the efficiency of a novel
three-component photoinitiator system incorporating 2-
bromoacetophenone (BAP), designed to accelerate photo-
crosslinking kinetics in accordance with our previously re-
ported numerical model. The system comprised EY as the
primary photosensitizer under visible light, triethanolamine
(TEOA) as an electron donor and co-initiator, and BAP as a
radical carrier to increase polymerization efficiency. Collec-
tively, these components were chosen to optimize light ab-
sorption, promote rapid radical generation, and accelerate oxy-
gen quenching during visible-light irradiation. We presented
a detailed analysis of the photocrosslinking kinetics of GeIMA
hydrogels incorporating BAP, providing insights into inter-
mediate reaction processes. Additionally, we demonstrated
the printability of these bioinks at lower GeIMA concentra-
tions by fabricating thin structures within short time frames.
Biocompatibility assessments of the resulting hydrogels were
also reported. Notably, we observed a unique behavior in
which BAP gradually altered the internal hydrogel structure
after crosslinking. This property was leveraged to achieve
four-dimensional (4D) printing of temporally assembling
structures without external stimuli. Overall, our results indi-
cate that the BAP-based photoinitiator system nearly halved
both crosslinking and bioprinting times, highlighting its po-
tential as an efficient approach for rapid hydrogel formation.
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Moreover, compared to commonly used photoinitiators such
as LAP, which exhibit limited absorption in the visible spec-
trum and therefore reduced efficiency at longer wavelengths,
the BAP-based system offers distinct advantages. It enables
considerably faster photocrosslinking under visible light, en-
hances mechanical integrity even at low GeIMA concentra-
tions, and induces unique hydration-driven structural dynam-
ics, all while maintaining high biocompatibility, as discussed
in the following sections [17].

2 Materials and methods
2.1 GelMA prepolymer preparation

GelMA was synthesized following a previously reported
method with minor modifications [8]. Briefly, 5 g of por-
cine skin gelatin (Type A, Bloom 300, Sigma-Aldrich, St.
Louis, MO, USA) was dissolved in 50 mL of distilled water
at 50 °C. Upon complete dissolution, 9 mL of glycidyl meth-
acrylate (GMA, Sigma-Aldrich) was added dropwise under
continuous stirring at 750 r/min. The reaction mixture was
maintained for 12 h to allow methacrylate functionalization
of the gelatin, after which the solution was transferred to a di-
alysis membrane with a 12—14 kDa molecular weight cutoff
(Fisher Scientific, Waltham, MA, USA). Dialysis was per-
formed in distilled water for 3 d, with the water replaced
twice daily. After dialysis, the GelMA solution was frozen
at =20 °C for 24 h, then lyophilized for 3 d, and subsequently
stored at —80 °C until further use. Prepolymer solutions were
prepared by dissolving the lyophilized GeIMA in phosphate-
buffered saline (PBS) or distilled water, followed by the ad-
dition of photoinitiator components. The photoinitiator sys-
tem consisted of various combinations of EY, TEOA, and
BAP at specified concentrations.

2.2 GelMA inks with varying photoinitiator
formulations

The photocrosslinking behavior was evaluated using four dif-
ferent photoinitiator compositions, all containing EY as the
photosensitizer, TEOA as a co-initiator, and BAP as a sec-
ondary co-initiator. Control solutions were prepared with
0.02 mmol/L EY and 0.2% (w/v) TEOA, without BAP [8, 11].
The test solutions included 0.02 mmol/L EY, 0.2% TEOA,
and varying concentrations of BAP. GeIMA ink compositions
tested in this study (Table 1) included BAP at concentra-
tions of 0.02, 0.05, and 0.10 mmol/L, corresponding to 1X,
2.5%, and 5X the concentration of EY, respectively. Because
BAP is insoluble in aqueous solvents such as PBS and dis-
tilled water, it was first dissolved in ethanol to prepare a con-
centrated stock solution, which was then added to the GelMA
prepolymer solution to achieve the desired final photoinitiator
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concentrations. Hydrogels were formed by irradiating the
GelMA prepolymer solutions with visible light for 300 s using
a custom-made DLP bioprinting system, as described previ-
ously [8, 11].

Table 1 Compositions of GelMA inks with photoinitiators used in
this study

Sample GelMA EY TEOA BAP
number concentration (%)  (mmol/L) (% wlv)  (mmol/L)
1 0

2 0.02
3 5 0.02 0.2 0.05
4 0.10
5 0

6 0.02
7 7.5 0.02 0.2 0.05
8 0.10
9 0

10 0.02
1 10 0.02 0.2 0.05
12 0.10

2.3 Photocrosslinking assessment

The photocrosslinking behavior of GelMA inks containing
the three-component photoinitiator was characterized using
rheological measurements. GelMA prepolymer solutions were
prepared according to the compositions listed in Table 1. For
each test, 1 mL of prepolymer solution was loaded onto a rhe-
ometer (MCR 702, Anton Paar, Graz, Austria) equipped with
a transparent 40 mm-diameter geometry. The light source
from the custom bioprinter was positioned to project directly
onto the GelMA sample through the transparent probe
(Fig. S1 in the supplementary information). To ensure con-
sistent light intensity across experiments, the distance be-
tween the light source and the GeIMA sample was kept con-
stant. The photocrosslinking assessment consisted of three
consecutive measurements, following a previously reported
protocol [10]. In the first measurement, the storage modu-
lus (G') and loss modulus (G") of the GelMA inks were re-
corded for 150 s with the light source turned off, taking read-
ings every 30 s. The gap between the sample platform and ge-
ometry was maintained at 1 mm, the shear strain was set to
0.5%, and the frequency was set to 1 Hz. In the second mea-
surement, light irradiation was applied, and the storage and
loss moduli were recorded under the same settings as the first
measurement. During the second measurement, data were
recorded every 5 s over a total duration of 300 s. In the third
consecutive test, light irradiation was turned off, and the G’
and G" of the photocrosslinked hydrogels were measured
over a range of angular frequencies from 1 to 100 rad/s at a
constant strain of 0.5%. All experiments were performed at
an ambient temperature of 23 °C.
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Slower photocrosslinking kinetics of GelMA prepolymer
solutions were monitored using real-time UV—Vis spectros-
copy. A transparent cuvette was filled with 700 pL of the
prepolymer solution and placed in a UV-Vis spectrometer
(FLAME-T-UV-VIS, Ocean Optics, FL, USA). The spec-
troscopy light source was aligned horizontally with the de-
tector, while the DLP projector from the custom bioprinting
system was positioned vertically, perpendicular to the UV-Vis
axis, as shown in Fig. S2a (supplementary information). The
projection intensity incident on the spectrometer sensor was
attenuated to prevent sensor saturation. The transmitted light
spectrum from the GeIMA samples was recorded with a box-
car width of 20 sampling points and an integration time of
5 ms. Measurements were collected continuously over a du-
ration of 1000 s. The DLP projector, used as the photopoly-
merization illumination source, was positioned 20 cm from
the sample and set to an intensity of 50 mW/cm? to replicate
a previously reported bioprinting setup [11].

2.4 Physical characterization of GelMA
hydrogels

The microstructure of GelMA hydrogels was characterized
using scanning electron microscopy (SEM). Prepolymer so-
lutions containing 5% GelMA with varying BAP concentra-
tions (0, 0.02, 0.05, and 0.10 mmol/L) were prepared. For
each composition, 2 mL of prepolymer solution was dis-
pensed into a 24-well plate and crosslinked using visible light
from a DLP projection system. One set of hydrogels was
immediately frozen at =80 °C after photocrosslinking, while
a second set was first immersed in distilled water for 24 h
to reach equilibrium swelling before freezing at =80 °C. All
samples were subsequently lyophilized for 2 d. For SEM im-
aging, hydrogel samples were fractured vertically to expose
the cross-section and mounted on aluminum stubs using car-
bon tape. The samples were then sputter-coated with a Pt/Pd
alloy (80% Pt, 20% Pd), and microstructural images were
acquired using an SEM (Mira3 XMU, TESCAN, Brno, Czech
Republic). Images were processed using a custom MATLAB
script, with pores manually annotated to determine average
pore size and pore size distribution for each sample. For
each GelMA-BAP composition, five independent hydrogel
samples were prepared and imaged, capturing at least three
images per sample. Pore size was quantified from more
than 150 measurements per condition to ensure statistical
robustness.

To assess the effect of BAP content on the water absorp-
tion capacity of GeIMA hydrogels, the swelling ratio of dif-
ferent hydrogel samples was measured. Cylindrical constructs
(8 mm diameter, 4 mm height) were prepared, washed, and
blotted to determine their initial wet weights (Wy). The
samples were then immersed in distilled water and main-
tained at room temperature in the dark for up to 24 h. At

specific time points (3, 6, 9, and 24 h), the swollen hydro-
gels were removed, blotted, and weighed to determine their
swollen weights. After measuring the swollen weights, all
hydrogel samples were frozen at —80 °C and lyophilized
for 3 d. The resulting dry weights (Wgq) were recorded. The
swelling ratio (rs) of the hydrogels (n=5) was calculated using
Eq. (1) and plotted as a function of time. Swelling behavior
was characterized for hydrogels prepared with the photoini-
tiator compositions listed in Table 1.
( Ww —Wq
rs =

Td) X 100%. (D)

2,5 DLP printing characterization

The printing performance of the three-component photoini-
tiator was evaluated using a 4x4 mesh pattern under differ-
ent irradiation times with 5% GelMA inks containing the
photoinitiator compositions listed in Table 1. A custom vat
was fabricated with a microscopic glass slide as the base and
hydrophobic silicone walls. Prepolymer solutions were dis-
pensed into the vat to achieve a layer thickness of 300 um
and a near-flat surface. The photopattern was projected onto
the prepolymer solutions for different durations while keep-
ing the distance between the projection source and the vat
constant. After exposure, printed structures were developed
by removing excess uncrosslinked GeIMA with PBS. To visu-
alize the otherwise transparent constructs, a red food-grade
dye was used. Structures were immersed in the dye for 5 min,
rinsed with PBS, and imaged using a smartphone camera.
Visual assessment of structural integrity provided a qualitative
comparison of printing performance. Quantitative analysis
was performed using Image] to calculate printability (Py) via
Eq. (2) and inner arc length (AL), as shown in Fig. S3 (supple-
mentary information). Additionally, a custom MATLAB
script was used to measure the dimensions of mesh branches,
enabling evaluation of printing resolution.

L2

Pr=T6a,’

2)
where L represents the perimeter and Ap represents the printed
structure area.

2.6 Swelling mismatch-induced deformation
(4D printing)

Two batches of 7.5% (w/v) GelMA prepolymer solutions
were prepared using distilled water as the solvent. A two-
component photoinitiator system (EY and TEOA) was added
to the first batch, while a three-component system (EY,
TEOA, and BAP) was added to the second batch, with BAP
at a concentration of 0.10 mmol/L. A flower pattern (20 mmx
20 mm, convex dimensions) was first printed using the pre-
polymer solution without BAP, with a layer thickness of
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0.6 mm. After removing uncrosslinked GelMA, the prepoly-
mer solution containing 0.10 mmol/L BAP was added to form
a second 0.6 mm-thick layer on top of the crosslinked flower
pattern. The same flower pattern was projected to polymer-
ize the second layer, aligned accurately on top of the first
crosslinked layer, forming a bilayer structure with a com-
bined thickness of 1.2 mm. Uncrosslinked prepolymer was
then removed, and the samples were washed three times with
distilled water before being immersed in distilled water at
room temperature. The shape of the bilayer structures was
monitored and imaged at various time points over 24 h. Simi-
larly, bilayer flower structures with single-layer thicknesses
of 1 and 2 mm were fabricated, and their deformation was
observed during immersion in distilled water for up to 24 h.

2.7 Cell culture and biocompatibility assessment

A C2C12 mouse myoblast cell line was used to evaluate
biocompatibility and cell encapsulation in 5% GelMA con-
taining 0.02 mmol/L EY, 0.2% TEOA, and varying BAP
concentrations (0.02, 0.05, and 0.10 mmol/L). Cells were cul-
tured in Dulbecco’s modified Eagle medium supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin-
streptomycin (PS) under a humidified atmosphere of 5%
CO; at 37 °C. At 70% —80% confluency, cells were de-
tached using 0.25% trypsin-ethylenediaminetetraacetic acid
(trypsin-EDTA) and subcultured at a 3:1 split ratio. For ex-
periments involving cell contact with the hydrogel surface,
GelMA prepolymer solutions—including control and BAP-
containing formulations—were cast into molds (10 cm diam-
eter, 1| mm depth). Hydrogel disks were photocrosslinked for
5 min under visible light using the custom bioprinting sys-
tem. The disks were then washed three times with PBS and
transferred to a petri dish, where 1 mL of cell suspension
(C2C12 or green fluorescent protein (GFP)-tagged NIH 3T3,
1.5%10° cells/mL) was gently dispensed on top. Samples
were cultured in growth medium at 37 °C under 5% CO,.

To evaluate the compatibility of the hydrogel 3D micro-
environment with cells, C2C12 mouse myoblasts were en-
capsulated in the GelMA matrices. For 3D culture experi-
ments, a centrifuged cell pellet was resuspended homoge-
neously in the prepolymer solution to prepare a bioink con-
taining approximately 3x10° cells/mL. The cell-laden solu-
tion was cast into the molds described previously and photo-
crosslinked for 5 min. The resulting hydrogel disks were im-
mersed in culture medium, and smaller disks (5 mm diam-
eter) were punched out using a biopsy punch and cultured
at 37 °C under 5% CO:x.

To evaluate the biocompatibility of GelMA bioinks and
hydrogels containing BAP, a live/dead assay (Biotium, Hay-
ward, CA, USA) was performed on five samples per group
at Days 1, 3, 5, and 7. Cylindrical disks from 2D-cultured
samples were transferred to a 6-well plate and washed three
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times with PBS. Samples were then incubated in live/dead
assay solution, prepared by mixing 10 mL sterile PBS, 20 uL
EthD-III, and 5 uL. Calcein-AM, for 30 min. After incubation,
samples were washed three times with PBS and imaged using
an inverted epifluorescence microscope (Revolve 3, ECHO,
San Diego, CA, USA). Cell viability was quantified by pro-
cessing the fluorescent images in ImageJ to count live and
dead cells.

Cell morphology in the different samples was assessed using
cytoskeleton and nuclear staining with phalloidin (Cytoskel-
eton, Denver, CO, USA) and Fluoroshield with 4',6-diamidino-
2-phenylindole (DAPI, Sigma-Aldrich). On Day 10, disk
samples were washed three times with PBS and fixed with
4% (v/v) paraformaldehyde (Sigma-Aldrich) for 2 h at room
temperature. Fixed samples were washed with PBS and per-
meabilized with 0.5% (v/v) Triton X-100 in PBS for 15—
20 min, followed by additional PBS washes. Samples were
then incubated with 100 nmol/L Phalloidin 488 to stain the cy-
toskeletons. After washing with PBS, samples were mounted
using DAPI-containing mounting medium and imaged using
a fluorescence microscope (Revolve 3, ECHO).

2.8 Statistical analysis

All quantitative data are presented as meanz+standard de-
viation. Statistical analyses were performed using one-way
analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparison tests. Significance thresholds were set at “p<
0.05, “'p<0.01, ““p<0.001, and “**“p<0.0001. All analyses

were performed using GraphPad Prism (version 12.2.2).

3 Results and discussion
3.1 Comparison of photoinitiator formulations

Several studies have shown that visible-light-based photo-
curing of biopolymers offers multiple advantages, including
the enhancement of the cellular microenvironment while mini-
mizing photo-induced cytotoxicity [20-24]. Although visible-
light photoinitiators such as EY have been applied in biofab-
rication [3, 19, 25-28], they still exhibit limitations, includ-
ing oxygen inhibition, slow polymerization rates, low cross-
linking density, and phase separation. Some of these chal-
lenges can be mitigated by incorporating a catalyst into the
system. To optimize performance, the reaction mechanisms
must be examined closely to understand the role of each com-
ponent in the photocrosslinking process.

Figure 1 shows the proposed mechanisms underlying pho-
toexcitation using EY and TEOA as photoinitiators, with
1-vinyl-2-pyrrolidinone (NVP) or BAP serving as radical
carriers during polymerization [29-31]. Although the activa-
tion of EY under visible light involves a complex sequence
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Fig. 1 Reaction mechanism of the eosin Y-based photoinitiator, illustrating the single and regenerative pathways

of electronic transitions that is not yet fully elucidated, the
general mechanism is widely accepted [29-31]. Upon irra-
diation with green light (1ex*=500 nm), EY is excited to a
singlet state and rapidly transitions to a triplet state, which
abstracts an electron from triethanolamine to generate the
radical species TEOA™- and EY>™-. The interaction between
TEOA™- and the methacrylate groups (—-C=C-) in GelMA
initiates the chain reaction required for polymerization. Mean-
while, the EY>"- radical species is quenched by H* and O2 in
the prepolymer or bioink solution, regenerating the EY cata-
lyst and forming the reduced species EYH”-, respectively.

Previous studies have explored the addition of NVP to
the EY/TEOA system to increase the photopolymerization
rate [8, 11, 32]. In this variant, the initial sequence proceeds
as described above. However, the EY?" - radical can react
with the vinyl group of NVP to abstract a hydrogen atom,
forming EYH22_. Unlike the characteristic pink color of EY,
this reduced species (leuco EY) appears pale green and is
inactive, unable to participate in further reactions. The NVP-
radical generated in this process can still promote polymer-
ization by reacting with GelMA methacrylate groups. Im-
portantly, this NVP radical is also susceptible to quenching by
Oy, a process that depletes oxygen in the bioink and further
enhances polymerization [33].

2-BAP

EY-Eosin Y
NVP-1-Vinyl-2-pyrrolidinone
2-BAP-2-Bromoacetophenone
TEOA-Triethanolamine

,Q Light source (AZ@= 520 nm)

Q Light source (A72*= 405 nm)

We hypothesized that a third photoactive radical pathway
could be introduced by substituting NVP with BAP [29, 34].
In parallel with the photoinitiation steps described above,
EY>"- can also act as a photosensitizer: its absorption wave-
length is slightly shifted toward the blue (1ex =405 nm),
and its molar absorptivity at 520 nm is lower than that of
EY [30]. The excited EY>™ - * radical reacts with BAP in a
second electron-transfer step, generating a BAP- radical and
regenerating EY in its ground state, which can be resensi-
tized by visible light. Similar to NVP, the BAP- radical can
both initiate polymer chain reactions and enhance Oz deple-
tion in the bioink, resulting in considerably accelerated po-
lymerization. In this photoinitiator formulation, the lifetime
of the active EY photocatalyst is substantially increased, al-
lowing the use of lower reagent concentrations.

To validate the proposed pathways, we systematically
examined three photoinitiator systems and assessed their
impact on crosslinking efficiency by evaluating the me-
chanical properties of the resulting hydrogels. Previous
studies [35] demonstrated that the EY4+TEOA+BAP sys-
tem produced hydrogels with superior mechanical proper-
ties, higher structural integrity, and greater density com-
pared to EY4+TEOA or EY4+TEOA+NVP systems. In this
study, we focus on investigating both the biological and
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physical properties of hydrogels formed using the EY+
TEOA+BAP system.

3.2 Photopolymerization kinetics

To further investigate the effect of BAP on photocuring ki-
netics, rheological measurements were performed to moni-
tor the G’ and G" of photocrosslinkable systems with vary-
ing GelMA and BAP concentrations. The analysis began with
a 150 s dark phase to establish a baseline, followed by moni-
toring crosslinking kinetics under visible light irradiation until
complete gelation. Figure 2 shows the evolution of G’ and
G" over time under light exposure. Our previous numerical
study [12] demonstrated that incorporating BAP into the two-
component photoinitiator system (EY and TEOA) accelerated
key photopolymerization steps alongside TEOA. Upon blue
light irradiation, excited EY radicals (EY-*) are generated,
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and BAP undergoes homolytic cleavage, competing with Oz
to quench EY-" and forming carbon-centered radicals (R-).
These R- radicals, together with TEOA radicals, contribute
to oxygen quenching, polymer chain initiation, propagation,
and network formation, ultimately accelerating photopoly-
merization [12, 29, 36].

Both numerical simulations and experimental results
showed consistent trends. The time between the onset of light
exposure and the detectable increase in G’ (and G"), de-
fined as the gelation time (GT), varied across samples. For
5% GelMA, GT values were 45, 30, 25, and 15 s for 0, 0.02,
0.05, and 0.10 mmol/L BAP, respectively, demonstrating the
accelerating effect of BAP on photopolymerization (Fig. 2a;
Fig. S4a in the supplementary information). However, in the
7.5% and 10% GelMA groups, the difference in GT across
BAP concentrations was less pronounced (Fig. 2b; Figs. S4b
and S4c in the supplementary information). This is likely
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Fig. 2 Photocrosslinking kinetics of GeIMA. Real-time monitoring of the storage modulus during crosslinking of 5% GelMA (a), 7.5% GelMA
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attributed to the higher GeIMA concentration, which increases
the density of methacrylate groups and shortens the free radi-
cal diffusion path, thereby reducing the influence of BAP on
GT.

Increasing BAP concentration enhances the generation of
R- radicals, leading to a higher degree of methacrylate group
conversion and, therefore, increased crosslinking density. As
a result, higher BAP concentrations produce stiffer hydrogels.
As shown in Fig. 2a and Fig. S4a (supplementary informa-
tion), among the 5% GelMA samples, the 0.10 mmol/L. BAP
hydrogel exhibited the highest saturated G’ and G" values
after reaching the plateau, indicating the formation of a fully
crosslinked gel structure. For 7.5% and 10% GelMA, the over-
all mechanical stiffness was higher owing to the increased
polymer concentration, resulting in greater G’ and G" values
compared to 5% GelMA. Although Figs. 2b and 2¢ and
Figs. S4b and S4c show a similar increasing trend in G' and
G", the variations in each 7.5% and 10% GelMA group were
less pronounced than those observed in the 5% GelMA
samples.

Furthermore, the viscoelastic behavior of the crosslinked
gels was analyzed and is presented in Figs. 2d—2f. In all
samples, G’ remained higher than G", confirming the gel-like
behavior of the hydrogels. Both G' and G” were largely inde-
pendent of angular frequency across all formulations, indicat-
ing the formation of a fully crosslinked network. As GelMA
concentration increased, both moduli increased for all BAP
concentrations (Figs. 2d—2f). Furthermore, in each GelMA
group, higher BAP concentrations resulted in additional in-
creases in G' and G", reflecting enhanced stiffness owing to
a higher degree of crosslinking (Figs. 2d-2f).

To demonstrate the versatility of BAP across different
photocrosslinkable hydrogels, PEGDA was selected as a rep-
resentative synthetic system. A 30% (w/v) PEGDA solu-
tion required a twofold increase in EY and TEOA concen-
trations to achieve effective crosslinking [37]. Accordingly,
all PEGDA formulations were prepared with 2x EY and
TEOA, while BAP was added at the same concentrations
used for GeIMA and at double concentrations to maintain
consistent photoinitiator ratios. As shown in Fig. S5 (supple-
mentary information), incorporation of BAP at both concen-
tration levels accelerated the crosslinking rate (steeper initial
slope of storage modulus increase) and increased the final
storage modulus. These trends were consistent with those
observed in GelMA, confirming that the effect of BAP ex-
tends beyond natural polymers.

To further investigate the effect of BAP on the photo-
crosslinking initiation rate of GelMA, four bioink composi-
tions were tested with BAP concentrations of 0.02, 0.05, and
0.10 mmol/L, corresponding to 1X, 2.5%, and 5X the EY con-
centration, respectively, and were compared to a control con-
taining 0 mmol/L. BAP. Based on the rheological results, which
showed the greatest variation among BAP concentrations

in 5% GelMA, this concentration was selected for further
analysis using UV—Vis spectroscopy. The other photoinitia-
tor components (EY and TEOA) were kept constant across
all formulations. The UV-Vis experimental setup is shown
in Fig. S2a (supplementary information). Figure S2b (supple-
mentary information) shows the color changes that occur
during photopolymerization: Fig. S2b-(1) shows the prepoly-
mer solution before visible light irradiation; Fig. S2b-(2) de-
picts the photoinitiator (EY+TEOA+BAP) after continuous
visible light exposure; Fig. S2b-(3) shows the translucent ap-
pearance of the fully photocrosslinked hydrogel.

Real-time UV-Vis spectroscopy coupled with in situ pho-
topolymerization revealed clear differences in photopolymer-
ization rates among the bioink compositions. The rate of pho-
tocrosslinking increased with higher BAP concentrations. To
quantify this, the initial slope of the crosslinking kinetic curves
was evaluated as a representative measure of the photopoly-
merization rate. An average slope was calculated to account
for the concave and convex regions in the kinetic curves.
The observed slopes were 0.60 (31.13°), 1.21 (50.54°), 1.90
(62.20°), and 2.42 (67.61°) for 0, 0.02, 0.05, and 0.10 mmol/L
BAP, respectively (Fig. 3a). As BAP concentration increased
from 0 mmol/L, the slope of the polymerization kinetics rose
sharply and approached a plateau near 0.10 mmol/L BAP. The
rate of increase in polymerization speed was not proportional
to BAP concentration, saturating at higher levels (Fig. 3b).
This could be a result of rapid consumption of TEOA, mak-
ing it the rate-limiting species.

Figure 3 compares different regions of the photopoly-
merization kinetics curves. The regions highlighted in red,
green, and black correspond to the acceleration, decelera-
tion, and saturation phases of photopolymerization, respec-
tively. Figure 3b shows the first derivative of the polymer-
ization kinetics curves, with the largest magnitude observed
for 0.10 mmol/L. BAP, indicating the fastest instantaneous
polymerization rate among all compositions. The second de-
rivative, shown in Fig. 3c, represents the acceleration and de-
celeration of polymerization. As previously discussed, oxygen
quenching competes with these reactions, contributing to a pro-
nounced slowdown in polymerization during certain phases.
The magnitude of the second derivative in the acceleration
region can be correlated with the rate of oxygen depletion
in the bioink layer [38—41]. Bioinks with higher BAP con-
centrations deplete oxygen more rapidly, allowing the vari-
ous reactions to contribute to polymer formation sooner. Ex-
amination of the transition in the second derivative curve from
positive to negative slope indicates the point at which po-
lymerization shifts from the acceleration to deceleration phase
for each BAP concentration. Beyond this transition, polym-
erization is likely governed by other factors, such as the dif-
fusion of chemical species in the bioink and BAP, a pro-
cess that slows the overall reaction rate.
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Fig. 3 Photocrosslinking kinetics of GelMA with a three-component photoinitiator. (a) Polymerization kinetics curves recorded by measuring
absorbance at 490 nm, showing the slopes corresponding to different BAP concentrations and distinct regimes of crosslinking kinetics (acceleration,
deceleration, and saturation). (b) First derivative of the kinetics curves representing the polymerization rate. (c) Second derivative of the kinetics
curves representing polymerization acceleration. The acceleration-to-deceleration transition points for different bioinks are marked as (i) 0.10 mmol/L
BAP, (ii) 0.05 mmol/L BAP, (iii) 0.02 mmol/L BAP, and (iv) 0 mmol/L BAP. Data are expressed as mean+standard deviation (n=3)

3.3 Physical characteristics

We next examined the internal structure of the photocross-
linked GelMA hydrogels obtained from bioinks with differ-
ent BAP concentrations. Figure 4a shows representative SEM
images of the internal porous microscale structure of the hy-
drogels. Analysis of the SEM images revealed an increasing
trend in pore size with higher BAP concentrations (Figs. 4a
and 4b). This effect may arise from several factors that war-
rant further investigation. BAP is hydrophobic, whereas
GelMA is predominantly hydrophilic owing to its gelatin
backbone. During gelation, this incompatibility could induce
microphase separation, with BAP-rich hydrophobic regions
segregating from the surrounding hydrophilic polymer ma-
trix [42, 43]. The presence of BAP also accelerates oxygen

@ Springer

depletion through additional oxygen-quenching reactions. In
free radical polymerization, oxygen reacts with free radicals
generated by the photoinitiator (EY), forming less reactive
peroxy radicals. These peroxy radicals can terminate chain
growth, reducing the overall crosslinking efficiency. In low-
oxygen or oxygen-depleted conditions, a greater proportion of
free radicals participate in polymerization, resulting in higher
crosslinking density [12]. Therefore, increasing BAP con-
centration can considerably accelerate photopolymerization
compared to previous reports [12]. While faster polymeriza-
tion increases the overall degree of crosslinking, it can also
trap microdomains or bubbles in the hydrogel matrix before
the network fully equilibrates, limiting uniform polymer chain
rearrangement. This promotes localized phase separation, with
the resulting microdomains manifesting as larger pores in the
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final structure [44]. Figure 4c shows that at the highest BAP
concentration, the pore size distribution is broader compared
to samples without BAP or with lower BAP concentrations.
During hydration, the photocrosslinked hydrogels exhib-
ited noticeable shrinkage over time. To investigate this be-
havior, 5% GelMA hydrogels with varying BAP concentra-
tions were photocrosslinked and incubated in distilled water
at room temperature for 24 h. Distilled water was used to
eliminate the influence of ionic interactions. SEM images
of the internal porous structure after 24 h of hydration are
shown in Fig. 4a. Analysis of the images revealed a consid-
erable reduction in average pore size compared to samples
lyophilized immediately after photopolymerization, indi-
cating structural rearrangements during swelling (Fig. 4b).
In samples without BAP, only a slight decrease in average
pore size was observed after 24 h of immersion in distilled
water, and the pore size distribution largely overlapped with
that of the post-photocrosslinked hydrogels (Fig. 4c). With
increasing BAP concentration, the reduction in average pore
size after 24 h became more pronounced compared to post-
photocrosslinking samples (Fig. 4b). Additionally, higher BAP
concentrations resulted in a more uniform internal porous
structure after hydration, as evidenced by the narrower pore
size distributions in Fig. 4c. Among the 24-h hydrated samples,
the average pore size decreased with increasing BAP con-
centration, indicating that BAP influences the internal pore
structure over time and contributes to overall hydrogel shrink-
age. Shrinkable hydrogels [45] are a class of materials that
deswell or contract in response to external stimuli such as
temperature [46], pH [47], ionic composition [48], or solvent
exchange, and they have been explored for various biomedical
applications, including wound healing [48], drug delivery [49],
and tissue engineering [50, 51]. For example, Fang et al. [48]
reported a chitosan-based hydrogel for wound healing that
shrank in PBS owing to ionic interactions between the hy-
drogel and ions in the solution, leading to a gradual reduc-
tion of the wound area. However, the exact mechanism un-
derlying this behavior in BAP-containing GelMA remains to
be elucidated in future studies. One potential explanation
for the reduced swelling is secondary crosslinking over time,
where residual reactive groups in GeIMA or BAP continue
to form additional crosslinks even after the initial gelation
process. Prolonged exposure to water can enhance molecu-
lar mobility, allowing residual methacrylate groups to react
and form new covalent bonds, thereby tightening the hy-
drogel network. Structural relaxation and network reorga-
nization during extended hydration may also contribute to
the observed shrinkage [52]. The polymer network of the
hydrogel may undergo relaxation and rearrangement during
prolonged hydration. During swelling, the polymer chains
can reorganize into more energetically favorable configu-
rations. This structural relaxation often results in network
contraction and a reduction in pore size. Such shrinkage
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and pore size reduction influence the swelling behavior of
the hydrogels.

The swelling behavior of the hydrogels was assessed by
incubating them in distilled water at room temperature for
24 h, with results shown in Figs. 4d—4f. As GelMA concen-
tration increased, the density of methacryloyl groups in-
creased, leading to a higher degree of crosslinking. This re-
sulted in stiffer structures with smaller pores and therefore
lower swelling ratios (Figs. 4d—4f) [53, 54]. Across all GeIMA
formulations, increasing BAP concentration further reduced
the swelling ratio, likely owing to the hydrophobic nature of
BAP, which introduces water-repelling regions in the hydro-
gel network (Figs. 4d—4f). The reduction in pore size with
increasing GelMA concentration, along with prior structural
analyses, indicates that hydrogel shrinkage occurs during hy-
dration, resulting in decreased pore sizes. Therefore, at lower
GelMA concentrations (Fig. 4d), the difference in swelling
ratios between 3 and 24 h is more pronounced. In contrast,
at higher GeIMA concentrations (Fig. 4f), minimal pore size
changes occur during hydration, leading to smaller differ-
ences in swelling ratios over the same time period.

Furthermore, as shown in Fig. 4d, hydrogels containing 0,
0.02, and 0.05 mmol/L BAP did not reach a plateau in swell-
ing behavior in 24 h, whereas the sample with 0.10 mmol/L
BAP achieved equilibrium. This difference may be attrib-
uted to the similar pore sizes observed in hydrogels with 0,
0.02, and 0.05 mmol/L BAP after hydration, whereas the
0.10 mmol/L BAP hydrogel exhibited a substantially larger
pore size, as evident in Figs. 4a and 4b.

For 7.5% and 10% GelMA combinations (Figs. 4e and 4f),
samples with a high BAP concentration (0.10 mmol/L) exhib-
ited a decreasing trend in swelling ratio after 24 h compared
to other BAP concentrations. This behavior is likely attrib-
uted to the already low swelling ratios in these samples, re-
sulting from their smaller pore sizes, which are further re-
duced by the high BAP content. The additional pore size re-
duction may promote water release and partial dehydration
of the hydrogel over time. Similar shrinkage of photocross-
linked structures has also been frequently observed in SLA-
printed parts using acrylate resin formulations.

3.4 Printing capability evaluation

Rapid photopolymerization kinetics are critical for light-based
(bio)printing because they directly influence the resolution
and structural fidelity of printed constructs. To evaluate this,
a 1 cmx1 cm mesh pattern was printed using 5% GelMA bio-
inks with varying BAP concentrations. Given the soft and
mechanically weak nature of 5% GelMA hydrogels, the ef-
fect of BAP on crosslinking efficiency and printability was
specifically assessed. For bioinks without BAP, no printing
was observed at exposure times shorter than 150 s (Fig. 5a).
At 150 s of exposure, a fragile structure formed, but the mesh
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walls remained unstable, wobbling under media movement.
Increasing the exposure time to 180 s produced a more stable
structure; however, the walls were still wavy and irregular.
Despite these instabilities, the printability (Py) values ap-
proached the acceptable range (Fig. S6 in the supplementary
information), and the inner arc length closely matched the
designed light pattern (Fig. 5b).

With the addition of 0.02 mmol/L. BAP, exposure times of
30 and 60 s did not yield crosslinked structures. Partial cross-
linking occurred at 90 s, but some mesh connections remained
broken or disconnected. A stable structure with clearly de-
fined lines was achieved at 120 s (Fig. 5a), with AL values fall-
ing within the acceptable crosslinking range. At this exposure
time, the average crosslinked line thickness closely matched
the projected light beam thickness on the precured GelMA,
indicating optimal crosslinking (Fig. S7 in the supplementary
information). However, further increasing the exposure time

p<0.0001; ns: not significant

to 150 s and beyond caused overcrosslinking, resulting in po-
lymerization in the voids and surrounding regions (Fig. 5a).
At 180 s exposure, the void regions of the design were com-
pletely crosslinked, with AL considerably exceeding the val-
ues in successfully crosslinked conditions (Fig. 5b). Figure S7
(supplementary information) shows that at both 150 and 180 s,
the line thickness exceeded the projected light beam width.
Although Py values remained relatively stable across all struc-
tures in the 0.02 mmol/L. BAP group, a slight decrease with
increasing exposure time indicated a decline in printing fi-
delity owing to overcrosslinking (Fig. S6 in the supplemen-
tary information).

With 0.05 mmol/L BAP, partial structures formed after
60 s exposure but lacked sufficient strength to maintain their
intended shape, exhibiting distorted, wavy branches (Fig. 5a).
A more stable, fully formed structure appeared at 90 s, al-
though slight waviness persisted in the branches (Video S1
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in the supplementary information). At 120 s, a firm, well-
defined mesh was successfully printed. Both 90 and 120 s ex-
posures produced AL values within the desirable crosslinking
range (Fig. 5b). However, exposure times of 150 s and beyond
caused extensive overcrosslinking, polymerizing the surround-
ing regions. Although printability remained within or near the
acceptable range for 90 and 120 s, Fig. S6 (supplementary
information) shows that increasing crosslinking time led to a
decrease in Py, reflecting overcrosslinking in the mesh voids.

For bioinks containing 0.10 mmol/L. BAP, partial cross-
linking was already observed after 30 s of irradiation, high-
lighting the accelerated photopolymerization in the presence
of BAP. A well-resolved structure with stable, distinguish-
able branches was achieved at 60 s, while 90 s exposure re-
sulted in rigid mesh walls. As shown in Fig. 5b, AL values re-
mained within the acceptable range. Moreover, both 60 and
90 s exposures produced average line thicknesses consistent
with the projected light beam, indicating accurate and con-
trolled crosslinking (Fig. S7 in the supplementary informa-
tion). Exposure durations of 120 s or longer caused excessive
crosslinking, considerably increasing AL beyond the optimal
range. While the increase in AL indicated overcrosslinking in
the void regions of the mesh pattern, the line thickness stayed
within acceptable limits, indicating controlled crosslinking in
the patterned areas (Fig. S7 in the supplementary informa-
tion). In addition to AL, P; values were assessed, revealing
that for exposure times exceeding 90 s, P steadily decreased
owing to overcrosslinking in the void spaces of the mesh pat-
tern (Fig. S6 in the supplementary information).

As reported in the photocrosslinking kinetics character-
ization, increasing the concentration of BAP in the photoini-
tiator system accelerates the polymerization rate. This is fur-
ther confirmed by the reduced exposure time needed to form
a stable structure with higher BAP concentrations (Fig. 5a).
During photocrosslinking of GeIMA bioinks using a three-
component photoinitiator, a sequence of intermediate reac-
tions takes place. These reactions are heavily influenced by
oxygen, which quenches reactive species and slows polym-
erization, as well as by the diffusion of generated free radi-
cals [55]. In the bioprinting of small structures, slower pho-
topolymerization allows greater diffusion of chemical species,
which can reduce printing resolution by causing structure blur-
ring or less accurate feature formation. Conversely, faster po-
lymerization limits species diffusion, ensuring sharper and
more defined structures. Rapid photopolymerization also de-
pletes oxygen in the bioink layer, reducing the quenching of
intermediate reactive species and thereby enhancing polym-
erization efficiency. Moreover, faster bioprinting minimizes
the exposure of encapsulated cells to harmful free radicals,
which improves cell viability and the biocompatibility of the
printed constructs.

To further improve printing accuracy, a pulsed projection
strategy for the photopattern was used. Our previous numerical
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study [12] demonstrated that pulsed illumination, compared
to continuous exposure, considerably enhanced the resolu-
tion of hydrogel-printed structures. Under continuous illumi-
nation, rapid polymerization causes overcrosslinking in adja-
cent areas, which reduces printing accuracy and fidelity. In
contrast, pulsed exposure slows down excessive crosslinking
in non-targeted regions, preserving structural accuracy across
the hydrogel width. This improvement is primarily attributed
to rapid oxygen depletion during continuous exposure, while
pulsed illumination allows oxygen to replenish between
pulses, effectively regulating polymerization and improving
print quality. Oxygen replenishment during pulsed photo-
crosslinking increases the quenching of a larger number of
intermediate species, including those that diffuse outside the
illuminated area. This reduces radical-driven overcrosslink-
ing in regions with fewer radicals, improving spatial con-
trol of hydrogel formation [12]. Compared to continuous ex-
posure, pulsed photocrosslinking offers better resolution,
enhanced mechanical property control [56], reduced light-
induced cytotoxicity, and optimal light dosing. These advan-
tages make pulsed illumination an effective strategy for pro-
ducing high-fidelity, structurally stable, and biocompatible
hydrogel constructs.

To examine the effect of pulsed light on the resolution of
printed GeIMA hydrogels, two high concentrations of BAP
(0.05 and 0.10 mmol/L) were chosen owing to their faster
crosslinking kinetics. Structures were fabricated under two dif-
ferent photocrosslinking conditions—continuous and pulsed
exposure (20 frames per second). Figure S8 (supplementary
information) shows the results after 120 s of photocrosslink-
ing. Under continuous light irradiation, hydrogels contain-
ing 0.05 and 0.10 mmol/L. BAP achieved the desired degree
of crosslinking, with the average line thickness of the printed
structures closely matching the width of the light beam. How-
ever, under pulsed photopattern projection, the average line
thickness of the printed constructs was substantially reduced
to approximately 375 and 475 pm for GeIMA containing 0.05
and 0.10 mmol/L. BAP, respectively. In both cases, the printed
lines were approximately one-third the width of the pro-
jected light beam (approximately 1000 pm), demonstrating
the accuracy-enhancing effect of pulsed illumination. Despite
the reduced line width in the printed constructs, no waviness
or instability was observed, unlike in the undercrosslinked
structures shown in Fig. 5a. This confirms the stability of the
printed constructs obtained with pulsed projection and attri-
butes the higher printing resolution to accurate control of the
photocrosslinking kinetics.

3.5 4D printing: water-triggered deformation

Creating composite structures with mismatched or differential
swelling behavior is a widely used strategy for enabling pro-
grammable deformation, thereby expanding the capabilities of
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4D-printed polymers [57-59]. To achieve structural move-
ment using smart hydrogels, the printed constructs must sat-
isfy two key criteria: (i) they should contain regions with
varying swelling capacities to generate stress distribution
during swelling or exhibit directional swelling differences;
(i1) they must be able to absorb and release solvents, allow-
ing the materials to undergo swelling and deswelling [59].
Based on observations of changes in the internal porous struc-
ture and shrinkage of GeIMA hydrogels with BAP, along
with the swelling profiles of different GeIMA—BAP combi-
nations, a bilayer structure with a flower pattern was designed
and fabricated. Owing to the pronounced differences in swell-
ing behavior among the various BAP concentrations in the
7.5% GelMA group, this concentration was chosen for the
swelling-induced deformation study. As shown in Fig. 4b,
the extent of pore size reduction was greatest for 0.10 mmol/L
BAP hydrogels and smallest for 0 mmol/L. BAP hydrogels.

The bottom layer of the flower pattern was fabricated
with 7.5% GelMA using EY+TEOA photoinitiators (Fig. 6),
while the top layer was made from 7.5% GelMA containing
EY+TEOA+0.10 mmol/L. BAP. Upon hydration of the bi-
layer structure in distilled water after fabrication, the struc-
ture bent upwards (Fig. 6). The baseline of the printed struc-
tures is highlighted in yellow to clearly visualize the defor-
mation of the bilayer.

Immersion in distilled water

Differential swelling of the bilayer f
hydrogel structure

Temporal folding
of the structure

SLA-printed
bilayer structure

2
[}
>

o
=
£

o

o

1 mm layer

2 mm layer

Fig. 6 Swelling-induced shape transformation of printed hydrogel
structures with different layer thicknesses. The top-left image shows
the initial 3D-printed structure (25 mm in diameter) before swelling.
Sequential images depict the time-lapse deformation of structures with
varying layer thicknesses (0.6, 1, and 2 mm) under swelling conditions

Structures with different layer thicknesses were printed to
assess the controllability of shape morphing. Figure 6 shows
the deformation progression of each structure over 24 h, and
Video S2 (supplementary information) provides a time-lapse

of the deformation process for the 0.6 mm layer thickness
structure over 20 min. To quantify the degree of deforma-
tion, the deflection angle of the highest point of the flower-
like structure was measured relative to the base layer, as
shown in Fig. S9 (supplementary information). The results
indicate that thinner printed layers undergo greater deforma-
tion. For the 0.6 mm layer thickness, the structure reached a
deflection angle of #=104.12°+11.95° within 30 min. In com-
parison, structures with 1 and 2 mm layer thicknesses exhib-
ited considerably lower deflection angles of #=38.43°+2.55°
and 0=14.67°+0.92°, respectively, after 1 h of swelling. Af-
ter 24 h, the 0.6 mm layer thickness showed the greatest de-
formation, with the petals folding inward toward the center
and reaching a final deflection angle of #=125.46°+8.63°.
This deformation exceeded that observed in the 1-mm-thick
and 2-mm-thick layer structures.

As described earlier, the addition of BAP led to a de-
crease in the average pore size of the hydrogels during hy-
dration. When the bilayer structure was immersed in distilled
water, the top layer experienced greater shrinkage compared
to the bottom layer, causing a differential swelling ratio that
resulted in the gradual bending of the structure. This phenom-
enon confirmed the feasibility of programmed deformations
driven by swelling mismatch. This finding emphasizes the
potential applications of these hydrogels in origami-inspired
programmed deforming structures [60] and drug delivery
systems [61].

3.6 Biocompatibility characterization

A preliminary evaluation of the biocompatibility of hydro-
gels prepared with BAP was performed using 5% GelMA
and the C2C12 mouse myoblast cell line cultured on the sur-
face of the crosslinked hydrogels. Initially, hydrogel disks
were fabricated with varying photoinitiator formulations—
0.02 mmol/L EY+0.2% TEOA+x mmol/L BAP (x: 0, 0.02,
0.05, and 0.10). Live/Dead assays were performed at 1, 3,
5, and 7 d after seeding the cells on the hydrogel surfaces.
Figure 7a shows representative fluorescence images stained
with Calcein-AM (green) for live cells and propidium io-
dide (red) for dead cells. Cell viability quantified from these
images exceeded 97% across all formulations during the first
week (Fig. 7b), thus demonstrating the biocompatibility of
the hydrogels formed using BAP.

After 24 h of seeding on the hydrogel surface, C2C12 cells
adhered and spread across it, predominantly retaining a round
shape or showing limited elongation in certain areas. By Day 3,
these cells fused to form chains, and by Day 5, myogenic
differentiation was evident, with myotubes visible through-
out most of the hydrogel surface. To confirm both the differ-
entiation and morphological changes, C2C12 cells cultured on
the hydrogels were stained for myosin heavy chain (MyoHC),
a specific molecular marker indicating myotube formation.
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Fig. 7 Live/Dead assay of C2C12 myoblasts cultured on crosslinked hydrogel surfaces. C2C12 cells were grown as 2D monolayers on various
crosslinked hydrogels. (a) Live cells appear green, and dead cells appear red, showing cell viability across different hydrogel conditions (scale
bar: 200 um). (b) Quantitative analysis of C2C12 cell viability over 7 d of culture. Data are expressed as meanz+standard deviation (n=3)

The presence of MyoHC-positive multinucleated fibers con-
firmed that myogenic differentiation occurred in the BAP-
containing hydrogels, aligning with the cytoskeletal patterns
seen in phalloidin/DAPI staining (Fig. S10 in the supplemen-
tary information). Additionally, live/dead assay results demon-
strated that C2C12 myoblast proliferation and differentiation
were effectively promoted across all biomaterial groups, in-
cluding both the control GeIMA hydrogel and those with BAP.
Moreover, to further assess biocompatibility with a differ-
ent cell type, NIH 3T3 fibroblasts were seeded onto the hy-
drogels. After 7 d of culture, cell viability exceeded 90% in
all formulations (Fig. S11 in the supplementary information).
These findings confirm that the BAP-based photoinitiator
system is compatible with multiple mammalian cell types.
The essential role of cells in adhesion, spreading, and
growth on hydrogels is critical for tissue development [62,
63]. To evaluate proliferation, morphology, and distribution
in the composites, immunofluorescence staining of F-actin
and nuclei (phalloidin and DAPI) was performed after 10 d

@ Springer

of culture. Figure 8 shows cell spreading in the hydrogels. In
formulations with less than 0.10 mmol/L BAP, C2C12 cells
showed elongation, which was linked to abundant mature
focal adhesions, assembly of F-actin filaments, and an inter-
connected cytoskeletal network along cell chains. In 3D scaf-
folds, matrix stiffness and porosity critically influence pro-
liferation, cell spreading, and migration. The formation of
stiffer hydrogels in the presence of BAP promoted the de-
velopment of mature focal adhesions between myoblasts and
the scaffold matrix because myoblasts favor such stiffer mi-
croenvironments. However, this effect was not observed in
the sample with 0.10 mmol/L BAP owing to an excessive
increase in hydrogel stiffness. Rheological analysis showed
that the 0.10 mmol/L. BAP sample had the highest stiffness
compared to other formulations (Fig. 2). The hydrogels formed
with 5% GelMA and those containing 0.02 and 0.05 mmol/L
BAP did not exhibit striking differences in their stiffness
(Fig. 2). Additionally, microstructural evaluation revealed
that the 0.10 mmol/L BAP sample experienced the greatest
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reduction in pore size after 24 h of swelling, which likely
contributed to reduced nutrient diffusion in the scaffold ma-
trix. The combined effect of increased stiffness and reduced
diffusion rates made GelMA with 0.10 mmol/L. BAP unsuit-
able for culturing 3D encapsulated cells. These results are
consistent with previous studies showing that while myo-
blasts in stiffer 3D environments tend to spread, proliferate,
and enhance myogenesis compared to less dense matrices, ex-
tremely stiff environments activate apoptotic pathways [64].
In addition to 2D live/dead assays, phalloidin/DAPI stain-
ing of 3D encapsulated cultures further confirmed that cells
remained viable and proliferated in the hydrogel matrices,
providing complementary evidence of biocompatibility.
Although BAP induces time-dependent microstructural
changes, swelling studies revealed that major differences in
swelling ratio occurred only within the first few hours of
immersion in PBS or culture media, after which the hydro-
gels stabilize (Figs. 4d—4f). This suggests that the overall
structure stabilizes during the period of active cell adhesion
and proliferation. Therefore, no significant long-term changes
that might affect cell fate are expected during culture, which
aligns with our observations of high viability and normal myo-
genic differentiation in BAP-containing hydrogels.
0.05 mmol/L

0 mmol/L 0.02 mmol/L

F-actin

Nuclei

Merged

Fig. 8 Morphological analysis of C2C12 cells after 10 d of 3D encap-
sulation in 5% GelMA containing 0, 0.02, and 0.05 mmol/L. BAP.
Fluorescent images show C2C12 cell morphology throughout the cul-
ture period, with F-actin stained green using phalloidin and nuclei stained
blue with DAPI, along with merged images

4 Conclusions

In this study, we developed and systematically evaluated a
three-component BAP-based photoinitiator system for visible-
light-induced photopolymerization of GelMA. Incorporating
BAP considerably accelerated the photopolymerization pro-
cess, with a considerable increase in rate as BAP concentration

increased. In addition to faster crosslinking kinetics, BAP
improved the mechanical properties of the resulting hydro-
gels, enhancing their structural stability for scaffold fabrica-
tion. Printing experiments showed that the BAP photoinitia-
tor enabled the successful printing of low-concentration (5%)
GelMA hydrogels under visible light. This allowed fabrica-
tion of well-defined structures and substantially reduced print-
ing time, making the process as fast as or faster than con-
ventional light-driven polymerization methods for GelMA.
The addition of BAP to hydrogels causes internal struc-
tural changes during hydration after photocrosslinking, as
shown by SEM imaging that reveals a more uniform distri-
bution of smaller pores after 24 h of hydration. These struc-
tural reorganizations result in differences in swelling capac-
ity across hydrogel samples. This unique behavior of BAP-
containing hydrogels was used to create multilayer structures
capable of dynamic deformation, demonstrating an example
of 4D printing. Furthermore, cell viability assays confirmed
that cells remained highly viable after exposure to the three-
component photoinitiation system and, subsequently, within
the resulting BAP-containing hydrogels, indicating biocom-
patibility. Cells embedded in BAP-containing hydrogels after
10 d showed elongated morphology, indicating successful
adhesion, growth, and formation of cell chains, which sug-
gests myogenesis. The addition of BAP improved the bioink
properties, enabling high-resolution and rapid bioprinting.
This improvement potentially halves the fabrication time
while preserving biocompatibility and structural integrity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500337.
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