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ABSTRACT 
Photopolymerizable hydrogels represent a versatile class of biomaterials with tunable mechanical, 
structural, and biological properties. However, a comprehensive understanding of how different 
photoinitiators (PIs) dictate hydrogel performance remains limited. In this study, representative 
Type I (Irgacure 184, Irgacure 2959, TPO, LAP) and Type II (Eosin Y) PIs were systematically eval
uated under identical formulation to elucidate their influence on gelation kinetics, network archi
tecture, and cytocompatibility. Rheological, swelling, and mechanical analyses revealed that Type I 
initiators facilitated rapid gelation and produced highly crosslinked networks with elevated storage 
moduli and reduced swelling ratios. Among these, Irgacure 184 achieved the most favorable bal
ance between stiffness and biocompatibility, whereas TPO generated the densest and stiffest net
works. Conversely, the Type II Eosin Y system formed more open and hydrophilic architectures but 
exhibited reduced mechanical robustness due to its visible-light initiation mechanism. LAP and 
Irgacure 2959 demonstrated intermediate behavior, yielding moderately crosslinked, diffusion-per
meable networks that supported improved cytocompatibility. Collectively, these findings highlight 
that PI chemistry fundamentally governs radical generation efficiency, network development, and 
cellular response. The mechanistic insights presented here provide a rational basis for designing 
photocrosslinkable hydrogels with precisely tailored structural integrity and biological performance 
for next-generation biofunctional materials.
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1. Introduction

Hydrogels have emerged as an essential class of soft bioma
terials owing to their high-water content, tunable mechanical 
properties, and remarkable biocompatibility. Their unique 
ability to replicate the hydrated, viscoelastic, and porous 
nature of the extracellular matrix (ECM) has rendered them 
indispensable in diverse biomedical applications, including 
tissue engineering, drug delivery, wound healing, and bio
sensing.[1–3] Among various hydrogel fabrication methods, 
photopolymerization-based crosslinking has become one of 

the most powerful and versatile techniques. This approach 
offers several distinct advantages, including rapid gelation, 
high spatial and temporal precision, and mild reaction con
ditions compatible with fragile bioactive molecules and 
living cells.[4] The efficiency and fidelity of this photo- 
crosslinking process, however, depend primarily on the type 
and performance of the photoinitiator (PI) employed. The 
PI dictates the rate of radical formation, thereby influencing 
polymerization kinetics, network density, and ultimately, the 
mechanical robustness and biological response of the hydro
gel system.[5,6]
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PIs are generally categorized into Type I and Type II sys
tems according to their radical generation mechanisms. 
Type I PIs (e.g., Irgacure 184, Irgacure 2959, TPO and LAP) 
undergo unimolecular bond cleavage upon UV irradiation 
to directly produce radicals, yielding rapid initiation and 
dense crosslinking.[7] Type II PIs (e.g., Eosin Y) operate via 
bimolecular photoinduced electron- or hydrogen-transfer 
processes and typically require an electron or hydrogen 
donor co-initiator (commonly tertiary amines such as trie
thanolamine (TEOA) or additives like N-vinylpyrrolidone, 
NVP) to generate initiating radical species under visible 
light.[8] This indirect route, while enhancing cytocompatibil
ity due to reduced UV exposure, often leads to lower cross
linking efficiency and diminished mechanical strength 
compared to Type I systems.[6]

Although some studies have evaluated individual PIs in 
hydrogel matrices, comparative analyses under the same 
experimental conditions are still lacking.[9,10] Much of the 
existing literature focuses on polymerization kinetics or 
cytotoxicity, often ignoring the integral structure-property 
relationships that link initiator chemistry to mechanical per
formance and network architecture. Furthermore, visible- 
light-driven photocrosslinking systems are attracting 
increased attention to mitigate UV-induced cell dam
age.[11,12] Several studies have demonstrated that differences 
in photoinitiator type and photolysis efficiency directly 
influence radical generation rates, crosslink density, and 

ultimately the mechanical properties of photocured polymer 
networks, as evidenced by UV–Vis, EPR, and real-time spec
troscopic investigations.[13,14] However, the inherent balance 
between mechanical robustness and biocompatibility in these 
systems remains an unresolved and critical challenge for 
biomedical engineers.[15]

Given the growing demand for mechanically resilient yet 
cell-friendly photocrosslinkable hydrogels, understanding how 
different initiation pathways affect final material performance 
is essential. This study systematically compares hydrogels pre
pared with representative Type I (Irgacure 184, Irgacure 2959, 
TPO, LAP) and Type II (Eosin Y) PIs under standardized con
ditions (Table 1). We hypothesize that the initiation route dic
tates the balance between mechanical strength and 
cytocompatibility by modulating radical generation kinetics. 
Our results show that PI choice directly influences crosslinking 
efficiency, network uniformity, mechanical integrity, and cyto
compatibility. Thus, PIs represent a key design parameter for 
engineering hydrogels that meet both mechanical and bio
logical requirements, particularly in cell-laden or biomolecule- 
encapsulating systems. As 3D bioprinting advances toward 
more complex tissue constructs, the link between PI chemistry, 
crosslinking kinetics, and printability becomes increasingly 
important. The comparative insights from this work offer a 
quantitative basis for tailoring photocrosslinkable hydrogels 
into next-generation bioinks with improved print fidelity, 
structural robustness, and long-term cell viability.

Table 1. Classification of PI types and the chemical structures.

Name of PI Type Wavelength (nm) Chemical Structure Ref.

1-Hydroxycyclohexyl phenyl ketone 
(Irg 184)

I 200–250 [16]

2-Hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone 
(Irg 2959)

I 320–405 [8]

Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (TPO) I 385–420 [17]

Lithium phenyl- 
2,4,6-trimethylbenzoylphosphinate (LAP)

I 350–410 [18]

2-(2,4,5,7-tetrabromofluorescein disodium salt) 
(Eosin Y)

II 400–550 [19]
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2. Materials and methods

2.1. Materials

Acrylamide (AAm; Merck), 1-vinyl-2-pyrrolidinone (VP; 
Merck), Triethylamine (TEA; Duzey) and poly(ethylene glycol) 
dimethacrylate (PEGDMA; Sigma-Aldrich) were used for 
hydrogel synthesis. Lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate (LAP; Sigma-Aldrich), Eosin Y (supplier, Mn ¼
691.85 g/mol), diphenyl(2,4,6-trimethylbenzoyl) phosphine 
oxide (TPO; Sigma-Aldrich), 2-hydroxy-40-(2-hydroxye
thoxy)-2-methylpropiophenone (Irgacure 2959; Sigma- 
Aldrich), and 1-hydroxycyclohexyl phenyl ketone (Irgacure 
184; Sigma-Aldrich) were employed as photoinitiators. For the 
cell culture studies, Trypsin/EDTA (Gibco), fetal bovine serum 
(FBS), DMEM/F12 medium, penicillin/streptomycin, and 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT; Sigma-Aldrich) were purchased. Distilled water was 
used throughout the experiments.

2.2. Hydrogel preparation

A 0.5 mM Eosin-Y stock solution was prepared by dissolving 
Eosin-Y in 96% ethanol inside an amber vial and stirring at 
250 rpm for 5 min. For the hydrogel precursor, Aam 
(�2.8 M) and PEGDMA (100 mL, �18.2 mM) were dissolved 
in 5 mL of distilled water, followed by the addition of VP 
(37 mM) and TEA (100 mL, 225 mM). After incorporation of 
100 mL Eosin-Y stock, the final volume was adjusted to 
10 mL and the mixture was vortexed for 5 min.

For hydrogels prepared with other PIs, Aam (� 2.8 M) 
and PEGDMA (100 lL, �18.2 mM) were similarly dissolved 
in 5 mL of distilled water. The solution was transferred to 
an amber bottle, the desired PI was added, and the final vol
ume was completed to 10 mL. The precursor was shaken 
thoroughly to ensure homogenization. Depending on the 
formulation, one of the following PIs was included: LAP 
(4 mM), TPO (2.87 mM), Irgacure 184 (4.90 mM), Irgacure 
2959 (4.46 mM), or Eosin-Y (100 mL of 0.5 mM stock). For 
photogelation, precursor solutions were cast into cylindrical 
molds and irradiated with a D-Light Pro-curing system for 
4–6 min. In parallel, gelation kinetics were recorded in real 
time on a rheometer (Anton Paar) by exposing the precur
sor on the rheometer plate to light for 10 min, enabling sim
ultaneous evaluation of bulk gel formation and dynamic 
crosslinking behavior under standardized irradiation 
conditions.

2.3. Characterization of hydrogels

2.3.1. Swelling measurements
UV crosslinked hydrogels were gelled in cylindrical well 
molds. After gelation, cylindrical gel samples were carefully 
removed, weighed in their initial (post-preparation) dry 
state, and then immersed in distilled water at room tem
perature. The swelling ratio of the hydrogels was determined 
according to the following equation: mrel ¼ mt/m0 where mt 
and m0 represent the masses of the swollen and dry hydro
gels, respectively. Swelling kinetics were monitored by 

weighing the gel samples separately in triplicate at predeter
mined time intervals until equilibrium was reached. The 
water medium was replenished daily to remove unreacted 
components and maintain sedimentation conditions. All 
swelling measurements were performed in triplicate to 
ensure reproducibility.[20]

2.3.2. Morphological analysis
The lyophilized dried gels were examined for their morph
ology using a high-resolution field emission scanning elec
tron microscope (JEOL SEM-7100-EDX) operated at an 
acceleration voltage of 1 kV. Prior to analysis, samples were 
coated with Au/Pd. Elemental composition was determined 
by SEM-energy dispersive X-ray spectroscopy (EDX). 
Images were captured at several magnifications. Pore sizes 
were measured using the ImageJ software.

2.3.3. Gelation kinetic analysis
Gelation of hydrogel precursor solutions was initiated by 
UV light (Omnicure) between rheometer plates, during 
which the kinetics of gel formation were continuously 
recorded. During the measurements, the upper plate of the 
rheometer (15 mm in diameter) was adjusted to a gap of 
0.5 mm. Rheological properties of the hydrogel networks 
were evaluated through frequency and strain sweep tests. 
The frequency sweep was conducted over a range of 0.1– 
100 Hz at a constant strain of 1%, while the strain sweep 
was performed within a range of 1%–100% at a fixed fre
quency of 1 Hz. The storage modulus (G0) and loss modules 
(G00) were used to characterize the viscoelastic behavior of 
the hydrogels.

2.3.4. Compression and elongation measurements
Uniaxial compression testing was performed on cylindrical 
hydrogel samples using the TA.XT plus Texture Analyzer 
(Stable Micro Systems, Surrey, UK) fitted with a 5 N load 
cell. Compression was applied at a constant speed of 1 mm/ 
min using a cylindrical probe. To ensure repeatability, at 
least seven replicates were tested for each formulation and 
results were expressed as mean values. Data collection and 
analysis were performed using Exponent software macros.

2.3.5. Oscillatory measurements
Rheological properties were evaluated using oscillatory tests 
including time, frequency and strain sweeps with 15 mm 
parallel plates at 24 �C. A solvent trap was used to prevent 
evaporation, and measurements were performed in the 
absence of daylight. A frequency of 1 Hz (x¼ 6.3 rad/s) and 
a strain amplitude of 1% were used to ensure testing within 
the linear viscoelastic region (LVER). Frequency sweep tests 
were conducted in the range of 0.01–100 Hz immediately 
after gelation, while strain sweep tests were conducted at 
1 Hz throughout 1%–100% strain.
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2.3.6. Biocompatibility assessment
In this study, human dermal fibroblast cells (CCD-986Sk; 
ATCC CRL-1947) were employed. Cells were maintained in 
T25 culture flasks using DMEM/F12 (Dulbecco’s Modified 
Eagle Medium/Nutrient Mixture F-12), supplemented with 
10% fetal bovine serum (FBS, Hyclone) and 1% penicillin- 
streptomycin solution (100 U/mL penicillin, 100 mg/mL 
streptomycin). Cultures were incubated at 37 �C in a 
humidified environment with 5% CO2. Upon reaching 
approximately 80%–90% confluency, cells were seeded into 
24-well plates and incubated for an additional 24 h. Each 
experimental group was tested in triplicate. Once sufficient 
growth was observed, the medium in each well was dis
carded and replaced with fresh medium. The control group 
consisted of wells containing only cells and fresh medium, 
without any material exposure. All instruments and consum
ables were sterilized prior to use.

To evaluate the cytocompatibility of the hydrogels, a col
orimetric MTT assay was conducted after 24 and 48 h of 
incubation.[21] At each point, the medium exposed to the 
hydrogels was aspirated and replaced with fresh medium. 
The MTT stock solution was prepared in phosphate- 
buffered saline (PBS) according to the protocol originally 
described by Mosmann.[22] A volume of 30 lL MTT solu
tion was added to each well, followed by gentle shaking and 
incubation for 2–3 h to facilitate the formation of formazan 
crystals. After incubation, the medium was removed, and 
100 lL of dimethyl sulfoxide (DMSO) was added to dissolve 
the crystals. Absorbance was measured at 540 nm using a 
microplate reader. Cell viability was expressed as a percent
age relative to the untreated control group, which was set 
as 100%.

3. Result and discussion

This paper presents a comprehensive evaluation of how five 
commonly used photoinitiators (PIs) influence the gelation 
behavior, mechanical properties, and biocompatibility of 
photocrosslinked hydrogels. Time-dependent swelling ratios 
(mrel ¼ mt/m0) and corresponding optical images of the 
hydrogels in their synthesized and swollen states are shown 

in Figure 1. LAP exhibited the highest equilibrium swelling, 
whereas TPO and Irgacure 2959 produced the lowest. 
Among the hydrogels, those prepared with lithium phenyl- 
2,4,6-trimethylbenzoylphosphinate (LAP) showed the highest 
equilibrium swelling ratio (mrel � 8), indicating a relatively 
loosely crosslinked and highly hydrophilic network. In con
trast, the 2,4,6-trimethylbenzoylphenyl phosphinate (TPO) 
and Irgacure 2959 systems exhibited significantly lower mrel 
values, reflecting more densely crosslinked matrices that 
restrict water diffusion. Irgacure 184 and Eosin Y hydrogels 
occupied an intermediate regime: Irgacure 184 produced 
moderate swelling consistent with balanced network integ
rity, whereas Eosin Y—although less efficient in radical gen
eration—yielded a more expanded morphology with 
enhanced cytocompatibility due to visible-light initiation.

The optical images corroborate these trends: LAP and 
Eosin Y hydrogels appear more swollen and translucent, 
whereas TPO- and Irgacure-based gels retain compact geo
metries. Overall, these findings confirm that PI chemistry 
directly modulates network porosity and water-uptake 
behavior, establishing a clear correlation between radical- 
generation efficiency and hydrogel swelling dynamics.

Figure 2 shows the time-dependent values of the storage 
(G0) and loss (G00) moduli for hydrogels fabricated using dif
ferent photoinitiators under identical formulation and irradi
ation conditions. A rapid increase in G0, followed by its 
crossover and stabilization above G00, indicates the sol–gel 
transition and completion of network formation. Among the 
tested systems, LAP and TPO (Type I photoinitiators) exhib
ited almost instantaneous gelation within the first minute of 
irradiation, reflecting their high radical-generation efficiency 
and fast initiation kinetics. In contrast, Eosin Y (Type II) 
displayed only a minimal rise in G0, suggesting insufficient 
crosslinking under the same light intensity—likely due to its 
reliance on a co-initiator and susceptibility to oxygen 
quenching. Irgacure 184 and Irgacure 2959, also Type I ini
tiators, showed a more gradual increase in G0 and reached 
plateau values at later time points compared with LAP and 
TPO, indicating slower but still effective network 
development.

Figure 1. (A) Time-dependent relative mass swelling ratio (mrel) of hydrogels prepared using different photoinitiators (LAP, Irgacure 184, Irgacure 2959, Eosin Y, 
and TPO). Data are presented as mean ± standard deviation. (B) Representative photographs of the corresponding hydrogels after synthesis and swelling.
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These rheological profiles clearly demonstrate that the 
radical generation mechanism governs gelation kinetics and 
the rate at which the polymer network forms. Type I sys
tems, which rely on unimolecular cleavage, promote rapid 
and efficient crosslinking, yielding denser and mechanically 
stronger networks. By contrast, Type II initiation proceeds 
through a bimolecular mechanism and is more sensitive to 
oxygen inhibition, resulting in weaker and less crosslinked 
structures under equivalent conditions. These observations 
are consistent with previous reports by Holmes et al., show
ing that LAP-based hydrogels gel significantly faster than 
those initiated with Irgacure 2959 at comparable photoinitia
tor concentrations and irradiation intensities.[6,20,23] 

Similarly, the time-sweep data confirm that LAP- and TPO- 
crosslinked hydrogels reach the gel point (G0/G00 crossover) 
in under 1 min, whereas Eosin Y–based networks exhibit 
negligible G0 growth.

Collectively, these results confirm that the choice of pho
toinitiator—and thus the underlying radical generation path
way—plays a decisive role in governing gelation kinetics, 
crosslinking efficiency, and final hydrogel network 
architecture.

The frequency-dependent rheological behavior of the 
hydrogels is depicted in Figure 3, where G0 and G00 are plot
ted as a function of frequency. All samples exhibited G0 >
G00 across the tested frequency range, confirming the forma
tion of predominantly elastic, solid-like networks. However, 
G0 magnitude varied considerably with PI type, reflecting 
differences in crosslinking density and network architecture. 
LAP- and TPO-based hydrogels showed the highest G0 val
ues with minimal frequency dependence, indicative of tightly 
crosslinked and mechanically stable networks. Hydrogels 
prepared with Irgacure 184 and Irgacure 2959 displayed 

intermediate viscoelastic responses, suggesting moderately 
elastic yet cohesive matrices. In contrast, Eosin Y hydrogels 
exhibited the lowest G0 and highest tan d values, characteris
tic of more viscous and less crosslinked systems. These 
observations align with previous reports that Type I PIs pro
mote faster and more homogeneous network formation, 
producing hydrogels with enhanced elastic moduli and long- 
term mechanical stability.[6] Overall, the frequency sweep 
data demonstrate that PI type directly dictates the viscoelas
tic behavior and mechanical robustness of photocrosslinked 
hydrogels, highlighting the mechanistic link between initi
ation pathway and network properties.

As shown in Figure 4, the strain-dependent changes in 
storage (G0) and loss (G00) moduli clearly illustrate the linear 
viscoelastic region (LVR) and the structural robustness of 
the hydrogels. Within the LVR, the constant G0 values indi
cate that elastic response dominates and the polymer net
work remains intact. Once the applied strain exceeds a 
critical limit, the decrease in G0 marks the onset of network 
breakdown and loss of structural integrity. The amplitude 
sweep results reveal clear differences in the mechanical 
behavior of hydrogels prepared with different PIs. Hydrogels 
crosslinked with LAP and TPO exhibited high and stable 
storage moduli (G0) across a broad strain range, indicating a 
densely crosslinked yet elastic network capable of sustaining 
large deformations before structural breakdown. In contrast, 
Eosin Y–based hydrogels showed much lower modulus val
ues but maintained a nearly constant G0 throughout the 
entire strain range, resulting in a surprisingly wide linear 
viscoelastic region (LVR). This wide LVR, however, reflects 
a loosely crosslinked, highly compliant network rather than 
strong mechanical integrity. Irgacure 184 and Irgacure 2959 
hydrogels presented the highest G0 values, consistent with 

Figure 2. Time-dependent changes in storage (G0) and loss (G0 0) moduli during photopolymerization of hydrogels formulated with different photoinitiators (LAP, 
Eosin Y, TPO, Irgacure 184, and Irgacure 2959).
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stiff and highly crosslinked structures, yet they exhibited the 
narrowest LVR among all systems. Their early deviation 
from linearity suggests that although these networks are 
mechanically strong, they are also more brittle and less tol
erant to deformation. Overall, LAP and TPO produce elastic 
and resilient networks, Eosin Y yields soft but highly com
pliant gels, and Irgacure-based systems form rigid but fragile 
hydrogels with limited strain tolerance.

The true stress (rtrue) as a function of the stretch ratio 
(k) is presented in Figure 5, providing critical insight into 
the ultimate mechanical strength and deformation behavior 
of the hydrogels fabricated using various PIs. Eosin Y shows 
a very low small-strain modulus and can withstand large 
deformations in rheometer and compression tests; however, 
its rtrue–k curve exhibits a high peak stress (�0.16 MPa). 
This apparent discrepancy likely arises from network 

Figure 3. Frequency sweep analysis of hydrogels formulated with different photoinitiators (LAP, Eosin Y, TPO, Irgacure 184, and Irgacure 2959).

Figure 4. Amplitude sweep analysis showing the variation of storage (G0) and loss (G0 0) modul of hydrogels formulated with different photoinitiators (LAP, Eosin Y, 
TPO, Irgacure 184, and Irgacure 2959).
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heterogeneity and differences between test modes. A low 
oscillatory modulus indicates a loosely crosslinked network 
at small strains, but localized load-bearing regions or 
“sacrificial bonds” may become active only at large deforma
tions, producing a sudden peak in stress. Irg184 and Irg2959 
show moderate peak stresses (�0.11 and �0.10 MPa) with 
limited extensibility, consistent with more uniformly but 
moderately crosslinked networks. Conversely, the LAP 
hydrogel exhibits the lowest overall stress values (rtrue,max �

0.035 MPa), implying the lowest mechanical robustness, 
likely due to the least efficient cross-linking under the 

identical reaction conditions. The TPO-initiated hydrogel 
exhibits a markedly higher Young’s modulus and is consid
erably more brittle compared to the other formulations, 
indicating a stiffer yet less deformable network structure. 
Overall, these profiles demonstrate that the photoinitiation 
mechanism dictates the balance between stiffness, ductility, 
and large-strain behavior in photocrosslinked hydrogels.

The comparative analysis of bulk mechanical metrics— 
Young’s modulus, toughness, and elongation at break—fur
ther confirms the significant impact of the PI mechanism on 
the final material properties (Figure 6). The Young’s 
Modulus, a measure of material stiffness, was found to be 
highest for the TPO hydrogel, exceeding 100 kPa classifying 
it as the stiffest network structure under small strain 
deformation. Conversely, the LAP formulation yielded the 
lowest modulus, confirming it as the softest material. 
Regarding toughness, which quantifies the energy absorbed 
prior to fracture, the Eosin Y hydrogel displayed superior 
performance, registering the highest value (� 300 kJ m−3). 
This indicates that Eosin Y generates the most mechanically 
resilient network, combining high strength (as observed in 
Figure 6) with good energy dissipation capacity. Conversely, 
LAP exhibited the lowest toughness. Finally, the elongation 
at break, which measures the material’s ductility, was highest 
for both LAP and Irg184 hydrogels (�25%) suggesting opti
mal chain flexibility within these networks. Overall, these 
results highlight a clear tradeoff: Eosin Y offers the highest 
toughness and strength at the expense of ductility, while 
TPO provides the highest initial stiffness, and LAP offers 

Figure 5. True stress – strain (rtrue vs. k) curves for polymer networks formu
lated with different photoinitiators (LAP, Eosin Y, TPO, Irgacure 184, and 
Irgacure 2959).

Figure 6. Mechanical properties of polymer networks formulated with different photoinitiators (LAP, Eosin Y, TPO, Irgacure 184, and Irgacure 2959): (A) Young’s 
modulus, (B) toughness, (C) elongation at break.
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the highest elongation within the Type II group, albeit with 
the lowest overall strength. Quantitative mechanical analysis 
confirms a tradeoff between rigidity and flexibility among 
different PIs, emphasizing that optimal hydrogel design 
requires tuning radical activity to achieve desired 
performance.

As shown in Figure 7, the microstructural features of 
hydrogels prepared using different photoinitiators were eval
uated by scanning electron microscopy (SEM). Hydrogels 
formulated with Irgacure 184 (A) exhibited dense, uniform, 
and highly interconnected pore structures, consistent with 
efficient radical generation and homogeneous crosslinking. 
In contrast, hydrogels prepared with Irgacure 2959 (B) dis
played larger, more irregular pores and a looser network 
architecture, reflecting its slower photolysis and resulting in 
lower crosslinking density but enhanced mass transport. 
TPO-based samples (C) showed thick pore walls and com
pact, tightly packed pores, characteristic of rapid polymer
ization and high crosslinking density, which led to high 
modulus and brittle mechanical behavior. By comparison, 
LAP hydrogels (D) exhibited moderately open and heteroge
neous pore structures, indicative of intermediate curing kin
etics and crosslinking efficiency. Overall, SEM observations 

confirm that faster radical generation (e.g., TPO) promotes 
the formation of dense and mechanically robust networks, 
whereas slower-acting initiators (e.g., Irgacure 2959) yield 
more open architectures that favor diffusion, underscoring 
the critical role of photoinitiator selection in defining hydro
gel structure–property relationships.

Overall, microstructural observations corroborate rheo
logical and mechanical results, demonstrating that PI chem
istry governs pore architecture, mechanical integrity, and 
biological response in photocurable hydrogels.

The MTT assay results revealed distinct cytocompatibility 
profiles among the hydrogels (Figure 8). Control samples 
exhibited nearly 100% cell viability at both 24 h and 48 h, 
confirming the absence of inherent cytotoxic effects from 
the base hydrogel matrix. Among the Type I PIs, Irg 184 
demonstrated excellent biocompatibility, maintaining cell 
viabilities comparable to the control group (>95%), which is 
consistent with previous findings reporting its low cytotoxic 
potential and rapid photolysis into nontoxic fragments.[6,24] 

Irg 2959, TPO and LAP also showed acceptable cell viabil
ities (approximately 80%–85%), indicating moderate cyto
compatibility and suitability for biomedical applications, 
though prolonged exposure slightly reduced viability, 

Figure 7. SEM micrographs of photocrosslinked hydrogels formulated with different photoinitiators (A) Irgacure 184, (B) Irgacure 2959, (C) TPO and (D) LAP. Scale 
bars (10–200 mm) are indicated on the images.

164 A. SARIKAYA ET AL.



possibly due to residual radicals or incomplete polymeriza
tion byproducts. In contrast, hydrogels prepared using the 
Type II PI Eosin Y exhibited relatively lower cell viability, 
particularly for Eosin Y, for which a significant decrease 
(�70%) was observed at 48 h. This decrease may be attribu
ted to the photosensitization mechanism of Type II systems, 
which relies on electron or hydrogen transfer with co- 
initiators (e.g., amines such as TEOA) and generates reactive 
oxygen species (ROS), potentially compromising cell 
integrity.[20]

The moderate cytocompatibility observed in LAP- 
initiated hydrogels compared to those prepared with Eosin 
Y can be attributed to fundamental differences in their 
photochemical initiation mechanisms. LAP, a Type I photoi
nitiator, undergoes direct homolytic cleavage upon light 
exposure, generating free radicals efficiently and with low 
susceptibility to oxygen inhibition. This direct radical gener
ation results in faster and more uniform polymerization kin
etics, reduced levels of unreacted monomers, and limited 
formation of reactive oxygen species (ROS), collectively con
tributing to improved cytocompatibility. In contrast, Eosin 
Y operates via a Type II mechanism and requires a co- 
initiator such as triethanolamine, a bimolecular process that 
is highly sensitive to dissolved oxygen. The involvement of 
intermediate excited states and singlet oxygen species in 

Type II systems often leads to increased phototoxicity and 
necessitates longer irradiation times to achieve complete gel
ation, thereby negatively impacting cell viability. Consistent 
with previous studies, phosphinate-based photoinitiators 
such as LAP have been reported to exhibit enhanced curing 
efficiency, higher polymerization rates, and reduced photo
toxic effects in hydrogel systems.[11,25,26] Overall, these 
results indicate that Type I photoinitiators, particularly 
Irgacure 184 and LAP, provide superior cytocompatibility 
compared to visible-light Type II systems under the tested 
conditions, underscoring the critical role of photochemical 
pathways in defining hydrogel–cell interactions.

At 24 h, Irgacure 184 maintained cell viability comparable 
to the control group (p> 0.05), while Eosin Y, LAP, 
Irg2959, and TPO exhibited significantly reduced viability 
(p< 0.05). This may be explained by the cytocompatibility 
of Irg 184 during early photopolymerization-induced cellular 
stress. At 48 h, TPO exhibited lower viability compared to 
the other PIs (p< 0.05), which may be due to delayed cyto
toxic effects associated with rapid radical release during 
polymerization. In contrast, Irg184, LAP, Irg2959, and the 
control group remained statistically similar (p> 0.05), sug
gesting the possibility of long-term stable cellular tolerance. 
Overall, Irgacure 184 maintained consistently high viability 
at both times, providing a favorable biological profile 

Table 2. Rheological, mechanical, swelling, and biological properties of photocrosslinked hydrogels formulated with different photoinitia
tors (Irgacure 184, Irgacure 2959, TPO, LAP, and Eosin Y).

PI Irgacure 184 Irgacure 2959 TPO LAP Eosin Y

G0 (kPa) 17–18 10–11 7–7.5 6.5–7 0.6–0.8
Gelation time (min)a 3.5–4.0 4.5–5.0 1.5–2.0 2–2.5 >5 (slow)
Young’s modulus (kPa) 15 ± 2 30 ± 3 120 ± 10 3 ± 0.2 5 ± 0.3
Toughness (kJ�m−3) 190 ± 15 260 ± 10 220 ± 10 80 ± 10 310 ± 15
Elongation at break 0.25 ± 0.06 0.12 ± 0.02 0.23 ± 0.03 0.26 ± 0.03 0.13 ± 0.03
Swelling ratio (mt/m0) 4.1 ± 0.4 3.0 ± 0.3 2.5 ± 0.2 8.2 ± 0.3 4.1 ± 0.5
LVR stabilityb Very high Moderate High Good Weak
Cell viability (%) 95 ± 3 85 ± 4 85 ± 3 90 ± 3 80 ± 2

All values were extracted from graphical data and are reported as approximate mean values.
Swelling ratios were taken at equilibrium (Day 6).
Mechanical parameters were obtained from compression tests.
aGelation time estimated from the crossover and rapid increase of G0 during time sweep measurements.
bLVR stability qualitatively assessed from strain sweep behavior.

Figure 8. Cell viability (%) of human dermal fibroblasts (CCD-986Sk) assessed by MTT assay after 24 h (A) and 48 h (B) of exposure to hydrogels crosslinked with 
Type I (Irgacure 184, Irgacure 2959, TPO, LAP) and Type II (Eosin Y) photoinitiators (�p< 0.05, n¼ 3). Control samples exhibited nearly 100% viability, confirming 
the nontoxic nature of the base matrix.
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compared to the others. These findings highlight the impor
tant role of photoinitiator selection in determining the 
short- and long-term cellular outcomes of the photocros
slinked hydrogel system.

These results highlight the importance of maintaining a 
delicate balance between PI efficiency and biological safety 
when designing photocrosslinkable hydrogels for tissue 
engineering applications. Selecting an appropriate initiator 
system requires considering not only polymerization kinetics 
and mechanical performance but also the overall cellular 
microenvironment, including oxygen concentration, light 
intensity, and PI concentration. Therefore, the superior per
formance of Irgacure 184 highlights its potential as a prom
ising initiator for the development of biocompatible, 
photoreactive hydrogels designed for cell encapsulation, 
regenerative scaffolds, and injectable biomaterials. This con
ceptual model emphasizes how variations in radical forma
tion kinetics naturally govern both the structural and 
biological outcomes of photocrosslinked hydrogels.

Table 2 provides a quantitative overview of photoinitiator- 
dependent curing behavior and the resulting rheological, 
mechanical, swelling, and cytocompatibility performance of 
the hydrogel systems, enabling a direct comparison under 
identical experimental conditions.

4. Conclusion

This study provides a systematic, comparative assessment of 
representative photoinitiators and demonstrates that varia
tions in radical-generation kinetics critically dictate the 
structural, mechanical, and biological performance of photo
crosslinked hydrogels. PI selection emerged not merely as a 
chemical choice but as a central design parameter that con
trols network architecture, pore morphology, crosslink dens
ity, stiffness–ductility behavior, and cytocompatibility. 
Among all systems, Irgacure 184 proved to be the most bal
anced and biocompatible initiator, forming uniformly cross
linked and cell-friendly hydrogels through efficient radical 
formation with minimal cytotoxic byproducts. TPO pro
duced the stiffest and most compact networks, indicating 
suitability for acellular constructs or mechanically demand
ing applications, whereas LAP and Irgacure 2959 generated 
softer, more diffusion-permeable matrices that support 
improved metabolic activity and mass transport.

Together, these findings offer rational design guidelines 
for tailoring photocurable hydrogels with precise mechanical 
frameworks, controlled pore geometries, and optimized cell 
compatibility. Beyond providing fundamental insights, this 
work outlines a practical roadmap for engineering advanced 
hydrogel systems—including injectable scaffolds, adaptive 
biomaterial matrices, and bioinks for 3D bioprinting. By 
enabling deliberate modulation of structure–function rela
tionships, the principles established here are expected to 
accelerate the translation of photocrosslinkable hydrogels 
into clinically relevant, cell-responsive, and functionally 
dynamic platforms for tissue repair, wound healing, and 
controlled therapeutic delivery.
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